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Low-cost, high efficiency solar cells are of tremendous interest for the realization of 
a renewable and clean energy source. The conversion efficiency of a single junction solar 
cell with an Intermediate Band in the bang gap is theoretically predicted to be as high as 
that of a triple junction solar cell by expanding the absorption spectrum without 
sacrificing the open-circuit voltage. In this work, an Intermediate Band Solar Cell based 
on the ZnTeO material system is investigated both experimentally and theoretically  
ZnTeO thin films synthesized by MBE and PLD are compared by characterizing 
their structural, chemical and electrical properties, which conclude that low oxygen 
partial pressure in MBE growth preferentially leads to subtitutional oxygen impurity in 
ZnTe. These states and related complexes, located at 0.4-0.7eV below the conduction 











 are excellent candidates to demonstrate the IBSC technique.  
The theoretical work reveals that both the open circuit voltage and fill factor 
degrade but the short circuit current increases in a ZnTe junction with oxygen states in 
comparison to those of a junction without oxygen states. When the optical cross-sections 




, the conversion efficiency of ZnTeO based 






, nearly double of that of a ZnTe cell without oxygen states. 
Experimentally, ZnTeO based cells exhibit an expanded response to the solar 
spectrum in comparison to ZnTe due to photo-excitation below the bandgap energy, 
resulting in an approximate double of the short circuit current, while suffering an 
approximate 15% decrease in open circuit voltage. Sub-bandgap excitation experiments 
under 650nm and 1550 nm excitation demonstrate absorption of two photons in sequence, 
which is desired for intermediate band solar cells and serve as a basis for further efforts to 
develop ZnTeO for enhanced solar cell conversion efficiency. The diode structure was 
xviii 
 
further optimized by n-ZnO/p-ZnTe hetero-junction with enhanced diode characteristics. 
A ZnSe buffer grown by MBE between the ZnO/ZnTe interface demonstrated a 











1.1 Motivation and Background 
Energy is the most fundamental issue for our world‟s evolution. Since the first 
industrial revolution in the middle of the 19th century, coal, petroleum, and natural gas 
have been our predominant energy sources. Figure 1.1 shows unrenewable sources, such 
as fossil fuels and nuclear fission, account for more than 90% of the United States 
national energy supply in 2008. Globally, this percentage is even higher. Continuous 
consumption of these materials is recognized to damage our environment, break Earth‟s 
ecosystem, and eventually harm humanity. Therefore, it is essential to seek alternative 
energy supplies by increasing the percentage of clean and renewable energy sources in 
order to sustain long-term development of society.  
 




Solar energy is the cleanest and most abundant source on the Earth in comparison to 
hydroelectric, wind, geothermal energy, and other renewable energies, as quantitatively 
shown in the Figure 1.2. The solar power delivered to the earth‟s surface is thousands 
 2 
times more than we need.  For example, an area of 100 miles by 100 miles under standard 
AM1.5 sunlight receives enough Sun power to exceed our global consumption in 2008. 
Solar energy is the most universally available, potentially saving the cost of energy 
transmission by setting the energy generation and consumption in close proximity.  
Solar energy is an ideal alternative energy because it is clean, renewable, abundant, 
and universally available. However, as shown in Figure 1.1, solar energy only provided 
0.07% of the USA‟s energy supply in 2008 due to the high cost of current technologies. 
The overall cost of using solar energy is related to land requirements, manufacturing, 
installation and maintenance of solar energy conversion facilities. The technology of 
manufacturing solar conversion facilities is the most critical factor in deciding whether 
solar energy can compete with other energy sources and eventually become a dominant 
contributor to our energy supply.  
 




Generally, there are two technologies for solar energy. One is solar thermal 
technology by which solar energy is converted into thermal energy, such as hot water for 
home or industry application, or subsequently converted thermal energy into electricity. 
Low cost of energy storage is the most significant advantage for solar thermal technology. 
The other is solar photovoltaic technology, which directly converts sunlight into 
electricity. One photovoltaic cell usually generates a small amount of energy depending 
on the cell size and sunlight intensity. When connected either in series or parallel, 
photovoltaic cells can generate electricity with a very wide range of current and voltage, 
 3 
which is suitable for diverse scenarios from milliwatt (10
-3
 watt) solar calculators to 
gigawatt (10
9
) solar power plants. 
1.2 Photovoltaic Technologies  
In a photovoltaic cell, electron-hole pairs are created by absorbing photons. Then 
these electrons and holes drift in an opposite direction, and contribute power to external 
loads. The solar spectrum covers a wide range from ultraviolet to infrared as shown in 
Figure 1.3. Those photons with energy less than the band gap of material (Eg) are not able 
to generate electron-hole pairs. This behavior is illustrated in Figure 1.4, and presents one 
significant loss in conversion. On the other hand, electron-hole pairs created by photons 
with energy exceeding the band gap (Eg) will relax to the band edge before extraction as 
as a photocurrent. This is another major source of loss   in photovoltaic solar cell. 
Balancing these two effects, the maximum conversion efficiency of a single junction 
based on thermodymanics is 31%, Schokley-Queissier limitation
3
.   
 






Figure 1.4 Schematics of electron excitation in photovoltaic cells. 
Since the first modern photovoltaic cell was realized on silicon by Bell Labs in 
1954
5
, the performance has been improved dramatically, including the development of 
exciting technologies have been invented
6
.  The Figure of Merit (FOM) of photovoltaic 
cell technologies is the cost per unit power. According to the FOM, these photovoltaic 
technologies are categorized into three generations as shown in Figure 1.5.  
The 1
st
 generation refers to wafer based technologies using single crystal 
semiconductor materials. The record efficiencies of the single junction cells based on Si, 
GaAs and InP wafers are 25%, 26% and 22% respectively
7
. The high energy 
consumption for molding single crystal wafers and relative scarcity of materials, such as 
indium and gallium, these photovoltaic cells are very expensive. Poly-crystalline silicon 
cells are a mature technology, and have been manufactured in a gigawatt-scale, seizing 
over 80% of the current photovoltaic market with very limited room for cost reduce.   
 5 
 
Figure 1.5  Efficiency and cost projects for1st-, 2nd and 3rd-generation photovoltaic 






 generation includes thin-film photovoltaic technologies fabricated on non-
crystal substrates, such as glasses and metal foils, which are one or two orders of 
magnitude cheaper than single crystal substrates. The most typical absorption films are 
CdTe, CuInGaSe2 (CIGS), and amorphous silicon (a-Si:H), with absorption coefficient 




. With a thickness of 3m, these thin films can capture over 95% of 
incident solar photons above the absorption band edge, resulting in low usage of scarce 
materials, such as tellurium and indium. To date, the highest efficiencies of CIGS, CdTe, 






, respectively. Although the 
thin film photovoltaic cells are lower in conversion efficiency and shorter in working 
lifetime than those on single crystal wafers because of much higher defects density, the 
overall cost per watt is still lower than the 1
st
 generation. As a result, the thin film 
photovoltaic cells are leading the PV market growth.  
The 3
rd
 generation photovoltaic cells aim to harvest more solar energy by reducing 
or eliminating the energy loss effects as mentioned in previously, which includes the 
following technologies.  
1. Multi-junction. Multiple pn junctions are connected in series with the highest 
band gap junction at top and the lowest band gap at bottom. Each junction 
 6 
covers a select range of the solar spectrum. Therefore, the thermalization loss is 
much less than that of a single junction cell. The limiting efficiency is 86.8% for 
an infinite number of junctions in series
12
. The GaInP/GaInAs/Ge based triple 
junction cell
13
 is a representative technology with demonstrated efficiency 
greater than 40%. Cells with four or five junctions in series are under 
development for higher efficiency. The complex device structure of a multi-
junction cell results in a higher manufacturing cost. In order to reduce the cell 
size, highly concentrated sunlight by optics lenses is applied.  
2. Multi-exciton. One high energy photon generates more than one electron-hole 
pairs so that the output current is enhanced.  This technology has been 
demonstrated by quantum dots
14
. However, the quantum efficiency of 
generation of multiple electron-hole pair is too low to be a practical device. 
3. Hot carrier extraction. Photons with energy above the band gap will excite the 
hot carriers. The output voltage will be improved if these hot carriers can be 
extracted out before they relax via phonon scattering.
15
. This technology has not 
been demonstrated yet. 
4. Intermediate band. Electron states are introduced into the forbidden band gap to 
provide increased absorption due to multi-photon processes. In addition to the 
transition from the valence band to the conduction band, the transition via the 
intermediate band states occurs by absorbing two sub-gap photons in sequence. 
Therefore, the short-circuit current (Jsc) is increased without sacrificing the open 
circuit voltage (Voc). The efficiency of an intermediate band cell implemented 
by a homo-junction is able to surpass the Shockley-Queisser limitation with an 
ultimate limit as high as a triple junction cell‟s. Additionally, because of the 
parallel process inside, an intermediate band cell performs more stably than a 
triple junction cell when the input solar spectrum is distorted by weather. 
Finally, intermediate band solar cells are possibly fabricated on the non-crystal 
substrate because of the weak restrain of lattice match for single junction 
structure. Therefore, an intermediate band cell, potentially achieving a better 
FOM than a multi-junction cell, has become an exciting research topic.  
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1.3 Concept of Intermediate Band Solar Cell  
With an additional band in the forbidden band gap, three optical transition happen 
simultaneously, from Valence Band (VB) to Conduction Band (CB), from VB to 
Intermediate Band (IB), and from IB to CB, as illustrated in Figure 1.6. Therefore, sub-
gap photons are absorbed, increasing output current without decrease the band gap.  
 
Figure 1.6 Schematic of optical transitions in intermediate band solar cells. 
 
This concept was first proposed by M. Wolf
16
 in 1960. Subsequently, Schokley and 
Queisser had concluded that defect states in the forbidden band gap acting as nan-
radiative recombination centers are improbable to improve the overall conversion 
efficiency
3
. Experimentally, the improved short-circuit current was observed in an 
impurity silicon solar cell in 1970 by Gutter and Queisser
17
  but no overall efficiency 
enhancement. However, since 1990, further theoretical studies
18-23
 have predicted that an 
overall conversion efficiency higher than Shockley-Queisser limit is achievable in a 
single junction with either an impurity level or an intermediate band. The maximum 
efficiency can be as high as 63% based on the following conditions
22, 23
:  
1. Negligible non-radiative recombination for band-to-band transitions.  
2. Ideal carrier transportation. In other words, all photo-carriers can transport out 
to terminals before recombination.    
3. Optimal bandgap energy of the host material (1.9eV) and position of 
intermediate band states (0.7eV from the band edges) for black body radiation 






4. Non-overlapping bands for over optical transitions. This requirement ensures 
that higher energy photons are not used to excite lower energy transitions, 
which would result in energy loss.  
  
Figure 1.7  Approaches for non-overlapping approaches: (a) Limited band width, 
(b) Spatial separation.  
 
One of methods to realize non-overlapping absorption is the limited band width as 
shown in Figure 1.7 (a). The bandwidth of the VB is less the transition energy from the 
IB to the CB, and the bandwidth of the CB is less than the difference between transition 
from the VB to the IB and that from the IB to the CB. Therefore, any photons in the solar 
spectrum with its energy greater than the minimum of band-to-band transition will be 
separated into three groups without any overlapping in the energy space. However, the 
defined band structure is hard to be achieved in the real device structure. Spatial 
separation as shown in Figure 1.7 (b) is the much more feasible technology for 
semiconductor devices. The absorption region is separated into three ranges according to 
the status of the IB. In the first range without the IB structure, only absorption of the VB 
to the CB can happen. In the second range with a completely empty intermediate band 
(IB1), only the absorption from the VB to IB1 can happen. In the third range with a totally 
full intermediate band, only the absorption from the IB2 to the CB can happen.  
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1.4 Experimental Approaches to Realize IBSC  
The high conversion efficient predicted for IBSC make the approach very attractive. 
However, a few technologies have been explored to demonstrate this multi-photon 







, and deep level impurities
16,33
.  
1.4.1 Quantum Dots and Quantum Wells  
Both quantum well and quantum dot structures are the most extensively studied to 
achieve an intermediate band. Enhanced short-circuit current (Jsc) has been realized by 
the Al0.3Ga0.7As/GaAs quantum well cell
30
 where overall efficiency is 110% higher than 
that of the reference cell using  Al0.3Ga0.7As is used as absorber. After two decades of 
development, the efficiency of a single junction cell based on strain-balanced 
InGaAs/GaAsP multiple quantum wells with IB position about 0.1eV below the CB has 
reached 28% under 500 suns
34
.  Based on the intermediate band theory, a deep level band 
near 0.7eV from the band edges is preferred for high efficiency. The required barrier 
height is very difficult to achieve in the InGaAs/GaAsP system due to phase separation 
problem. Alternatively, quantum dots such as InAs/GaAs, InN/InGaN have been 
proposed and enhanced absorption via multi-photon processes has been demonstrated. 
However, the photon carriers in quantum dots are very hard to be extracted out before 
recombination because of strong confinement in dots. Moreover, absorption volume of 
quantum dots is limited by strain and sparse quantum dot density. Enhanced short-circuit 
current (Jsc) has not been observed in quantum dots based intermediate band solar cells
35
.  
1.4.2 Deep Level Impurities  
Deep level impurities acting as non-radiative recombination centers
36
, including 
gold and indium doped in silicon, have not succeeded in intermediate band application. 
Alternatively, isoelectronic impurities including GaP:N, GaP:Bi and ZnTe:O with highly 
radiative recombination have been proposed to use as an intermediate band. 
1.4.3 Dilute Alloys  
Dilute semiconductor alloys mainly refer to diluted nitride III-V semiconductors 
and diluted oxygen II-VI semiconductors. Because of the big electronegativity difference 
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between nitrogen atoms with other Group V atoms in III-V host materials, such as As in 
GaAs, deep level states may be formed when nitrogen atoms replace the Group V atoms. 
So does oxygen in II-VI semiconductors. These states can act as localized isoelectronic 
defects at low concentration, or form an energy band when their wave-functions are 
coupled at high concentration. This behavior is described by the Band Anti-Crossing 
(BAC) model, as expressed in Equation (1.1)
37




)( 22 xVEkEEkEkE LCLC   (1.1) 
Where E
C
(k) is the energy level of the conduction band,  E
L
 is the energy level of 
localized isoelectronic states, and V is the adjusted  parameter  describing the coupling 
effect between  E
C
(k)  and  E
L
. x is the mole composition of in GaAs1-xNx  or ZnTe1-xOx.  
 
Figure 1.8 The calculated energy band structure (left panel) a density of states (right 
panel) for zinc telluride alloying with oxygen. Three possible optical transitions are 




The band diagram of ZnTe1-xOx with an intermediate band is predicted based on 
BAC model, as shown in Figure 1.8. It should be noticed that the band diagrams of 
ZnTe1-xOx and GaAs1-xNx are still not optimized for the best performance of an 
intermediate band cell. Further band diagram optimization by tuning the band gap may be 
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achieved by forming ternary alloys, such as ZnCdTe, ZnCdSe, MgCdSe, MgCdTe as 
shown in Figure 1.9. 
Although the idea of an intermediate band solar cell based on the diluted 
semiconductor alloys is extremely attractive, the experimental research  is rarely reported  
Especially, the internal processes of the real intermediate band cell has never been 
carefully studied. This thesis aims to intensively explore the operation of an intermediate 
band solar cell based on ZnTeO material system.  


























Figure 1.9 Band gap tunabilities of II-VI semiconductor alloys. 
 
1.5 Focus and Organization of Thesis  
This work has systematically investigated the operation of an intermediate band 
solar cell based on ZnTeO material system both experimentally and theoretically coving 
from ZnTeO material synthesis and characterization, photon-carrier generation, 
recombination and transportation, and device simulation, fabrication and optimization. 
 The main contributions of this work are listed as following. 
 identified the conditions of synthesizing the radiative oxygen states in ZnTe 
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 demonstrated the high absorption coefficient  (104 cm-1) of oxygen states and 
estimated the relationship between oxygen concentration and absorption 
coefficient 
  verified long recombination lifetime of electron in oxygen states (>s) and 








 revealed that  the electron lifetime in oxygen states can be extended to more 
than 1ms under an electrical field bias and determined the mechanics of  short 
carrier lifetime at the conduction band of ZnTeO based on analysis of rate 
equations 
 established a device model for operating ZnTeO IBSC including electron 
occupation of oxygen states which is used to  determine  the optimal devices 
parameters and work conditions based on semiconductor device physics 
 demonstrated ZnTeO IBSC by a p-ZnTe/n-GaAs hetero-junction with a 100% 
increase in short circuit current, 15% decrease in open circuit voltage, and 
overall 50% increase in power conversion efficiency 
 confirmed sub-band absorption via a two-photon process by 650nm and 
1550nm excitation and illustrated the proposed energy conversion mechanism 
for IBSC 
 demonstrated the improvement of diode character by a ZnSe buffer in n-ZnO/p-
ZnTe hetero-junction, which is used to realize a low cost and high efficient 




Figure 1.10 Layout of thesis organization. 
 
The layout of this work is illustrated in Figure 1.10.  
Chapter 2: Material synthesis with incorporating a wide range of oxygen 
concentration in ZnTe will be presented. Structural, chemical and electrical properties of 
ZnTeO also will be described. These studies conclude that high oxygen concentration in 





) is preferred to generate oxygen substitutes of tellurium in ZnTe. 
Chapter 3: Optical properties of ZnTeO are explored extensively by reflection, 
transmission and photoluminescence measurements in order to reveal the role of oxygen 
states in ZnTe for carrier generation and recombination processes which are most critical 
to achieving the advantage of Intermediate Band Solar Cells. 
Chapter 4: Dynamic processes of photo-carriers are characterized by the time-
resolved photoluminescence and analyzed rate equations with and without an electrical 
field bias including generation, recombination and transportation.  
Chapter 1
Concept and Experimental Approaches for IBSC
Chapter 2
Material Synthesis and 
Characterization
Chapter 3






Device Modeling and Optimization 
Chapter 6
Demonstration of ZnTeO based IBSC
Chapter 7
Optimization of Diode Structure
Chapter 8
Conclusions and Suggestions on Future Works
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Chapter 5: A theoretical device model for IBSC based on ZnTeO is developed from 
the fundamental of semiconductor device physics. The theoretical simulation is used to 
optimize the device parameters and operation conditions for achieving maximum 
conversion efficiency.  Parasite factors in a ZnTe diode are also discussed. 
Chapter 6: ZnTeO based IBSC is demonstrated by p-ZnTe/n-GaAs hetero-junctions, 
confirming extended spectral response below the band edge relative to undoped ZnTe 
diodes, and enhanced power conversion efficiency. Sub-band gap excitation at 650 nm 
and 1550 nm also confirms response via a two-photon process and illustrates the 
proposed energy conversion mechanism for an intermediate band solar cell. 
Chapter 7: Optimization effort initially is focused on improve ZnTe based diodes‟ 
characters. ZnO/ZnTe hetero-structure is studied aiming to improve its ideal factor and 
reduce its series resistance. Furthermore the effect of a ZnSe buffer between ZnO/ZnTe is 
also investigated in order to reduce the interface defects between ZnO/ZnTe 
Chapter 8: Summary of thesis work and suggestions on future works to understand 






Chapter 2  




In this chapter, the synthesis of ZnTe with varying oxygen concentration is 
presented as a means to introduce intermediate electron states. Structural, chemical and 
electrical properties of ZnTeO thin films are investigated. The synthesis and properties of 
ZnO and ZnSe thin films are also presented in the context of their use in solar cell device 
structures based on ZnTeO absorber layers.  
2.1 Introduction to ZnTe and ZnTeO 
ZnTe has a direct bandgap of 2.29eV at room temperature with a zinc-blend crystal 
structure. The bandgap energy corresponds to the green optical wavelength, and has been 
investigated in great detail for application to ZnSe-based visible light emitters, CdZnTe 
x-ray detectors, and ZnTe buffer layers for HgCdTe infrared detectors. ZnTe has 
demonstrated controllable p-type doping by nitrogen
3942





. The source of the unique p-type nature for this wide-bandgap material is 
believed to be the native defect structure, such as zinc vacancy
43,44
, where defects lie 
within the valence band rather than within the bandgap
45
. The unique p-type behavior of 
ZnTe is in stark contrast to other wide-bandgap compound semiconductors such as ZnO, 
where materials are typically n-type and difficult to convert to p-type conduction. The 
potential of achieving p-type materials with variable bandgap in the visible range make 
ZnTeO alloys an attractive material for optoelectronic devices.  The material properties  




Band gap (Eg) 2.29eV at room temperature 
Crystal structure Zinc-blend 
Lattice constant 0.6101nm 
Native defects p-type 
OTe substitute 0.5eV below Ec 
Table 2-1 Material parameters of single crystal ZnTe. 
 
In contrast to to oxygen doping in CdTe where oxygen acts as a shallow acceptor
46
, 
doping or alloying of ZnTe with oxygen is believed to result in a “highly mismatched 
alloy” where Te and O atoms possess a very different electronegativity. In the extreme of 
low oxygen concentration, a substitutional impurity of OTe in ZnTe results in a defect 
level 0.4eV-0.5eV from the conduction band and a strong radiative transition at 1.8-
1.9eV
47, 48
. This strong radiative transition in ZnTe:O has in fact been used as red light 
emitting diode
49
  and a phosphorescent material for x-ray detectors, where long radiative 
lifetimes of > 1s have been reported
50
. Higher oxygen content in ZnTe is predicted to 
introduce a narrow electronic band in the material, as explained by a Band Anti-Crossing 
model
51
. Experiments and calculations have suggested the presence of such an 
intermediate band in ZnTeO and the quaternary ZnMnTeO
51
. Bandgap reduction in ZnTe 
with the introduction of oxygen has also been reported
52,53
, providing further evidence of 
an intermediate band in this alloy. 
2.2 Material Synthesis Techniques  
Molecular Beam Epitaxy (MBE) and Pulsed Laser Deposition (PLD) were used for 
ZnTe deposition under varying oxygen pressure. The combination of these techniques 
provides a means to explore a large range of oxygen concentration, where MBE is limited 
to low oxygen partial pressure and PLD cannot provide the controlled incorporation of 
oxygen at low partial pressure.  Schematics of the PLD and MBE processes are shown in 
Figure 2.1 (a) and (b) respectively.  
In PLD, material is ablated under high vacuum from a sintered target by a pulsed 
laser beam. Critical deposition parameters include substrate temperature, laser beam 
power, laser beam repetition rate, and deposition ambient. The ablated material achieves 
high kinetic energy, enabling deposition under relatively high oxygen partial pressure.  In 
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this work, samples were deposited on both c-plane sapphire and GaAs (001) substrates 
using a ZnTe target, KrF excimer laser (=248nm, 20ns pulse width, 6Hz repetition rate), 
deposition temperature of 300 
o
C, and varying ambients of high vacuum (<5x10
-6
 Torr), 
nitrogen, or oxygen. Deposition by PLD under nitrogen or oxygen conditions were done 
with partial pressure in the range of 10-100mTorr. Nitrogen incorporation is studied in 
this work as an experimental control, allowing separate comparison of differing chemical 
species and differing deposition partial pressure. The growth rate under these conditions 
was varied from approximately 0.4nm/s to 1.1nm/s, with sample thickness in the range of 
















The MBE technique utilizes separate elemental sources to grow material on a 
heated substrate under ultra-high vacuum. In contrast to PLD, MBE utilizes thermal 
effusion cells where source flux contains relatively low kinetic energy. Therefore, MBE 
was used to study ZnTeO growth under low oxygen partial pressure. MBE growth was 
performed with a base pressure near 10
-9
 Torr at a substrate temperature of 250
o
C using 
zinc and tellurium solid source effusion cells, and a microwave plasma source to 
introduce oxygen or nitrogen. Oxygen or nitrogen flow rates of up to 1sccm were used, 
corresponding to a partial pressure of up to 10
-5
 Torr. ZnTe and ZnTeO samples grown 
by MBE were performed on GaAs (001) substrates, providing a suitable template for 
zinc-blend ZnTe with low concentration of oxygen or nitrogen. The MBE growth rate is 
in the range of 0.1~0.4nm/sec. The thickness of the samples for the following study is in 
the range of 1-2m. The process of introducing oxygen by a microwave plasma source is 
attached in Appendix I.  
2.3 Structural Properties 
The structural, chemical, and optical properties of the ZnTeO thin films were 
investigated to study the influence of oxygen incorporation in ZnTe. X-ray diffraction -
2 scans were used to determine crystal structure and crystalline orientation.X-ray 
diffraction measurements for ZnTe samples grown by PLD and MBE on GaAs (001) are 
shown in Figure 2.2 (a) and (b), respectively.  In the absence of oxygen, zinc-blend ZnTe 
(001) is observed for both PLD and MBE growth, corresponding to epitaxial growth on 
GaAs (001). The introduction of nitrogen or oxygen during the PLD process resulted in 
the degradation of the ZnTe (002) and (004) crystalline reflections and absence of 
additional peaks that would correspond to alternative crystalline structures or orientations. 
High incorporation of oxygen likely results in the formation of complex oxide 
compounds, such as TeO2, Zn(TeO3), and Zn(TeO4) All of the samples grown by MBE, 
including those with oxygen and nitrogen plasma, demonstrated ZnTe (002) and (004) 
reflections, indicating a clear ZnTe (001) orientation on GaAs (001). The introduction of 
oxygen resulted in a decrease in the peak intensity and increase in the linewidth of ZnTe 
reflections, indicating some degradation in crystalline quality. This degradation in 
crystalline structure was more pronounced for samples grown with nitrogen.  
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X-ray diffraction  scans of ZnTe films grown on c-plane sapphire substrates by 
PLD and MBE exhibit different crystalline orientation in comparison to growth on GaAs 
(001), as shown in Figure 2.3. ZnTe deposited by MBE on sapphire (0001) with low 
oxygen and nitrogen flow exhibit poly-crystalline material with a dominant zinc-blend 
(111) orientation. The ZnTe (111) preferential orientation on sapphire (0001) is likely 
due to the hexagonal atomic arrangement of these two faces. ZnTe deposited by PLD 
under high oxygen and nitrogen pressure exhibit weak diffraction peaks corresponding to 
polycrystalline zinc-blend material, suggesting a low degree of crystallinity and/or 
amorphous material. There is no evidence of the wurtzite structure of ZnTeO for any of 
the samples studied.  
The cyrstalline structure of ZnTe thin films grown by MBE on Si (100) substrates 
and ZnO c-plane orientated thin films were also investigated. The X-ray diffraction 
scanning curves, as shown in Figure 2.4, indicate that ZnTe thin films are poly-
crystalline without preferential orientation on Si (100) substrates, and predominant (111) 
















Figure 2.2 X-ray diffraction -2 measurements of (a) ZnTe deposition by PLD 
under varying oxygen and nitrogen partial pressure on GaAs substrate,  (b) ZnTe 
growth by MBE with and without the introduction of oxygen or nitrogen by a 




Figure 2.3 X-ray diffraction -2 measurements of  ZnTe on c-sapphire substrate  
(a)  deposition by PLD under varying oxygen and nitrogen partial pressure and (b) 






Figure 2.4 X-ray diffraction -2 measurements of  ZnTe grown by MBE (a) Si 
(001) substrate (b)  c-plane ZnO substrate.  
 
The polycrystalline structure observed for ZnTe growth on silicon is attributed to 
the inability to properly remove the native oxide on the silicon substrates. The removal of 
this oxide requires a high substrate temperature (>800
o
C), which could not be obtained 
using the MBE substrate heater available in this study. The depositon of ZnTe on ZnO 
substrates is limited by the structural quality of the ZnO thin films, which were 
polycrystalline thin films deposited by PLD on sapphire. The highest quality ZnTe layers 
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were samples grown on GaAs substrates, where the ZnTe/GaAs process was selected to 
carry on a majority of the remaining studies on material properties and associated devices. 
2.4 Chemical Properties  
Relative concentrations of oxygen, nitrogen, and associated bonding configurations 
were determined using X-ray photoelectron spectroscopy. XPS measurements focusing 
on the tellurium signal for samples grown by PLD and MBE are shown in Figure 2.5(a) 
and (b), respectively. PLD samples deposited without oxygen or nitrogen show a clear 
peak corresponding to Te3d 3/2 and 5/2, the internal electron energy levels. PLD 
deposition under nitrogen ambient shows degradation of these peaks. PLD deposition 
under oxygen ambient shows a clear degradation and disappearance of the Te3d 3/2 and 
5/2 peaks, and appearance of TeO2 3/2 and 5/2 peaks indicating the formation of 
tellurium oxide. XPS measurements of all MBE samples measured indicate the presence 
of only Te3d 3/2 and 5/2 peaks, both with and without oxygen incorporation. There are at 
least three sites oxygen atoms may occupy in the ZnTe crystal, as shown in Figure2.6. No 
TeO2 3/2 and 5/2 peaks could be identified for XPS scans on MBE samples, suggesting 
that the formation of tellurium oxide compounds is negligible under the MBE growth 
conditions studied. This data suggests that oxygen atoms likely occupy tellurium sites or 
interstitial sites rather than zinc sites. For oxygen-doped ZnTe films grown by MBE 





concentration is too low to be detected by XPS measurement. Assuming similar 
incorporation rates for nitrogen and oxygen using the ECR source, the oxygen 
concentration in ZnTe grown with 2×10
-5 






For PLD samples, the higher oxygen content provided a means of estimating 
oxygen concentration, where the stoichiometry of films grown under 30mTorr oxygen 
was determined to be Zn:Te:O=0.49:0.26:0.25. The stoichiometry for ZnTeO deposited 
under 100mTorr oxygen is Zn:Te:O=0.45:0.24:0.31. There is a clear zinc deficiency for 









Figure 2.5 X-ray photoelectron spectroscopy of (a) ZnTe samples deposited by 
PLD under varying oxygen and nitrogen partial pressure and (b) a representative 




Figure2.6 Schematics of possible oxygen sites in ZnTe crystal 
2.5 Electrical Properties    
ZnTe films deposited by MBE without intentional doping were determined to be p 






. Capacitance-voltage (C-V) 
measurements on n
+
-ZnO/p-ZnTe structures were used to determine these values due to 
the difficulty in achieving ohmic contacts for samples with low carrier concentration.  




, providing an 
asymmetric doping profile to aid in analysis.  Equation (2.1) is used to determine carrier 
concentration in ZnTe, where q is the charge of an electron, is the static 
dielectric constant of ZnTe, and A is device area. Representative data for a junction with 
A=0.01cm
2





determined. Based on the background p-type doping concentration, the Femi-level is 
approximately 0.3 eV above the edge of the valence band at room temperature under 
thermal equilibrium.  
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Figure 2.7 C-V and 1/C
2
-V curves of n
+






  (2.1) 
Nitrogen doping of ZnTe was investigated in this study to provide p-type material 
with higher conductivity. Nitrogen doped ZnTe thin films on GaAs substrates grown by 




 and mobility 40 
cm
2
/V.s. The formation of n-type ZnTe remains a major challenge, where reports have 












 have been explored. These studies conclude that high oxygen partial 
pressure in ZnTe growth likely results in complex tellurium oxide (TeOx), and low 
oxygen partial pressure is preferred to generate oxygen impurities in the ZnTe crystal, 
such oxygen tellurium substitutional impurities and oxygen interstitials. ZnTe thin films 







, serving as a baseline for study of ZnTeO materials for 
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intermediate band solar cells. ZnO and ZnSe thin films demonstrate n-type conduction 






Chapter 3  
Optical Properties of ZnTeO 
 
 
In this chapter, optical properties of ZnTeO are explored intensively by reflection, 
transmission and photoluminescence measurements in order to reveal the role of oxygen 
states in ZnTe for carrier generation and recombination processes which are most critical 
to achieving the advantage of Intermediate Band Solar Cells (IBSC).  
3.1 Reflection and Transmission  
Optical reflectance spectra were used to determine layer thickness and to 
approximate optical absorption characteristics. Optical transmission measurements were 
performed on the ZnTeO samples deposited on c-plane sapphire substrates to determine 
optical absorption spectra.  
The samples grown by PLD under varying oxygen and nitrogen ambient 
demonstrate dramatic changes in optical transparency, as shown in Figure 3.1 (a). Visual 
inspection of samples grown on sapphire indicate samples changing from a red color to 
increasing transparency for increasing oxygen partial pressure, while becoming 
increasingly opaque for increasing nitrogen pressure. Optical reflectance measurements 
Figure 3.1(b) are consistent with the changing optical transparency, where reduced 
attenuation of interference fringes is observed at higher energies for increasing oxygen 
partial pressure. Optical transmission spectra also support these observations Figure 3.1 
(c), where an increasing optical transparency is observed at short wavelengths for 
increasing oxygen partial pressure, and a decrease in transparency for nitrogen 
incorporation. It should be noted that while an optical transparency change is observed 






Figure 3.1 Optical transparency of ZnTe samples deposited by PLD under varying 
oxygen and nitrogen partial pressure as shown by (a) photograph (b) reflectance 
spectra, and (c) transmission spectra.  
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The PLD process under the conditions of high oxygen or nitrogen partial pressure 
provides dramatic changes in optical transparency. These changes are attributed to the 
formation of tellurium oxide (oxygen incorporation) whose optical transmission range is 
from 330nm to 5000nm, or incorporation of nitrogen acceptors (nitrogen incorporation). 
The formation of tellurium oxide is apparent based on XPS measurements where TeO2 
bonding is observed, increased optical transparency corresponding to the larger bandgap 
of this material, and lack of crystal structure observed by x-ray diffraction, which have 
been shown in Figure 2.3 (a) and Figure 2.5 (a). The gradual transmission spectra 
observed for oxygen incorporation, and presence of Te3d bonding in XPS, suggests that 
these thin films consist of a composite of both ZnTe and amorphous TeOx. The formation 
of crystalline semiconducting Zn (Te,O) alloys is clearly inhibited for the PLD process 
under the conditions studied, possibly requiring the introduction of reactive oxygen in the 
form of a plasma source or ozone. However, the formation of the amorphous ZnTeO 
composite may provide a valuable technique for integrated optical/electronic devices 
based on this material system where optically transparent and/or electrically insulating 
layers are needed.  
In contrast, the optical transparency of samples with ZnTeO films on sapphires by 
MBE  all demonstrate a shift to lower energy with respect to undoped ZnTe for both 
oxygen and nitrogen incorporation. The shifts in optical reflectance observed are less 
dramatic than those observed for PLD samples. The optical reflectance spectra for four 
MBE samples with varying oxygen partial pressures are shown in Figure 3.2 (a), 
indicating an increased optical attenuation below the ZnTe bandedge for higher 
absorption states related to higher oxygen partial pressure. Optical transmission spectra of 
samples with varying oxygen pressure clearly show increased absorption at energies 
below the ZnTe bandgap Figure 3.2(b). In contrast to the gradual shift in transmission 
observed for PLD samples, oxygen incorporation in the MBE samples demonstrates a 
resonant-like behavior near 650nm (1.9eV). Transmission curves were used to extract the 




Figure 3.2 Optical transparency of ZnTe samples grown by MBE with oxygen 





3.2 Absorption Coefficient  
A model for optical transmission for a two-layer (ZnTe or ZnTeO/on sapphire 



















  (3.1) 
where  is the optical absorption coefficient and d is the layer thickness. The 
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 are the interface reflectivities for air/ZnTe( or ZnTeO), ZnTe (or 
ZnTeO)/sapphire, and sapphire/air, respectively, where n1 and n2 are wavelength-
dependent refractive indices of ZnTe
55
 and sapphire. The refraction index of ZnTeO is 
assumed to be the same as ZnTe. The interference fringes below absorption edges were 
removed by a fast Fourier transfer filter
56
. The extracted absorption coefficient spectra of 

























































Figure 3.3 Absorption coefficients of ZnTe samples grown by MBE with oxygen 
plasma extracted from transmission measurements.  









































































Figure 3.4 Oxygen concentration in ZnTeO/sapphire measured by SIMS. 
 
The oxygen concentration of one of ZnTeO/sapphire samples grown under 2×10
-7
 
Torr. oxygen partial pressure used for absorption coefficient estimation is measured by 




 in the 
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 in the surface 
region with depth smaller than 0.3m possibly due to diffusion process from the bulk to 
atmosphere. Oxygen atoms measured by the SIMS measurement include all formation of 
oxygen states including interstitial oxygen impurity, substitutional oxygen impurity (OTe 
and OZn), and other complexes. However, only OTe states are confirmed to contribute the 
absorption peaks near 1.8eV. The ratio of OTe states to other oxygen states under MBE 
growth is uncertain.  
The MBE samples studied in this work clearly show that Zn(Te,O) alloys are 
achievable in the ZnTe zinc-blend crystal structure. The previous X-ray diffraction 
measurements indicate slight degradation in the crystal structure, but this degradation is 
relatively minor in comparison to nitrogen doping. The previous XPS measurements 
indicate that oxygen incorporation is primarily due to O-Te substitution, rather than the 
formation of TeOx. The resonant-like optical absorption below the ZnTe bandedge for 
samples grown with oxygen indicates the presence of an efficient optical transition 
corresponding to an optically active defect level or ZnTeO alloy with intermediate band 







, the oxygen state is localized. The energy level of the oxygen 
state is fixed at 0.4eV below the conduction band edge where the energy level is 
determined by the difference of eletronegativity between atomic oxygen and tellurium
,58
. 
With increasing oxygen concentration, oxygen states will be coupled as oxygen-oxygen 
pairs, or oxygen clusters
59, 60
 with energy level shifting further away from the conduction 
band. With a further increase in oxygen concentration, typically Te/O ratio of 1%, an 
intermediate band may be formed whose energy level shifts with oxygen concentration
51
. 
At higher oxygen concentration, a phase separation is believed to occur due to the 
differing crystal structure for ZnTe and ZnO. Tellurium oxide may also be formed as 
demonstrated in our ZnTeO films grown by PLD. The extreme case of ZnTeO is 
tellurium doped ZnO, where the valance band of ZnO may be shifted to higher energy
61
.  
The optical transitions observed in our samples are believed to result from oxygen pairs 
or oxygen clusters instead of the formation of an intermediate band alloy where a shift 
with oxygen concentration would be expected. The large absorption coefficient observed, 
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however, is more consistent with a high density of states that would be typically observed 
for a defect level transition. 
3.3 Photoluminescence 
3.3.1  Room Temperature PL 
Photoluminescence measurements were also used to more carefully identify the 
band edge and associated spontaneous emission transitions.  The undoped ZnTe, oxygen 
doped ZnTe, and nitrogen doped ZnTe grown by MBE on intrinsic GaAs substrates were 
were measured by photoluminescence at room temperature with a HeCd laser operating 
at 325nm.  
 
Figure 3.5 Room temperature photoluminescence spectra of undoped, nitrogen-
doped and oxygen-doped ZnTe. 
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Photoluminescence spectra are shown in Figure 3.5. Samples deposited by PLD 
only demonstrated weak PL emission, which degraded further upon oxygen and nitrogen 
doping, and were therefore not studied in this work. MBE samples grown without 
nitrogen or oxygen demonstrate a predominant peak near 2.3eV, corresponding to the 
ZnTe bandedge. Emission at longer wavelength, near 1.8eV, is also observed and 
attributed to deep level defects and/or unintentional background oxygen incorporation 
due to residual oxygen in the growth chamber or incorporation of oxygen into the zinc 
source and the tellurium source. For ZnTe with nitrogen incorporation, the band edge 
transition becomes broadened and moves to a lower energy near 2.2eV. The altered band 
edge emission may be attributed to the incorporation of nitrogen acceptor states. For 
oxygen doping, a dramatic increase in net PL emission is observed with a dominant 
transition near 1.8 eV. The spectral position of the optical transition near 1.8eV observed 
in optical absorption and PL spectra for oxygen-doped samples is consistent with 
previously reported oxygen defects in ZnTe
 62, 63
. In addition to the dominant peak at 
1.8eV, oxygen doped samples exhibit a peak at 2.3eV corresponding to ZnTe, as well as 
a peak in the 3.0-3.4eV range that may be related to the formation of ZnO or a related 
ZnOTe alloy.  
3.3.2 Temperature Dependent PL 
The temperature dependent photoluminescence spectra provide more information 
on the spontaneous emission from the band edges and oxygen states.  Measurements were 
performed on an oxygen doped ZnTe sample grown on a GaAs substrate by MBE. Three 
temperature regions are observed based on integrated luminescence intensity of the band-
to-band transition (CB-VB, or the green band from 520nm to 560nm). In the first region 
from 10K to 80K, the intensity of both the green band and the red band (radiative 
emission from 630nm to 710nm) decrease monotonically as shown in Figure 3.6 (a). The 
peak intensity of the green band is higher than the peak intensity of the red band for 
temperatures below 20K. However, the green band peak intensity decreased more rapidly 
than the red band with increasing temperature.  Both the green band and the red band 
consist of multiple peaks. The red band emission from 650nm to 680nm is attributed  to 
OTe substitutional impurities, where the fine structure at low temperature has been 
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described as multi-phonon coupling
64,65
. The red peak at 700nm may also be related to 
oxygen states in ZnTe as complex defects. The green emission at 535nm is attributed to 
an acceptor bound exciton (A
0
X), and the peak at 525 nm may result from free exciton 
(FE) emission as shown in Figure 3.6 (b). Intensities of both A
0
X and FE peaks decrease 
with temperature.  




















































Figure 3.6  Temperature dependent photoluminescence spectra of ZnTeO on GaAs 




In the second temperature region from 80K to 120K, the intensity of the green band 
increases with temperature, while the red band does not follow a consistent change with 
temperature, as shown in Figure 3.7 (a) and (b). The intensity of the A
0
X peak decreases 
with temperature, while the FE emission increases with temperature, with an overall 
increase in intensity of the green band.  The FE peak and A
0
X peak exhibit a red shift 





















































Figure 3.7 Temperature dependent photoluminescence spectra of ZnTeO on GaAs 
from 80K to 120K (a) full bands from 500nm to 800nm (b) greed band from 510nm 
to 550nm. 
 
In the third temperature region from 120K to 280K, the intensity of the green band 
decreases with temperature, while the intensity of the red band increases with 
temperature, as shown in Figure 3.7 (a). The peak energy of the green band emission 
demonstrates a strong red-shift from 530nm to 547nm corresponding to a combination of 
the band gap decrease with temperature and dissociation of the free excitons with 
increasing temperature. The binding energy of excitons in ZnTe is approximately 
12.8meV
66
, corrponding to a thermal energy kT at approximately 150 K.   




















































Figure 3.8 Temperature dependent photoluminescence spectra of ZnTeO on GaAs 







































Figure 3.9  Integrated PL intensities of the green band and the red band varying 
temperature from 10K to 300K. 
 
The temperature dependence of the integrated PL intensity for the green band and 
the red band are shown in Figure 3.9. A local minimum and maximum are observed for 
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both the green band and the red band, and may indicate electron transfer by thermal 
emission and capture processes between these two bands, which has similarly been 
observed in AlGaAs/InGaAs multiple quantum well structures
67
. Qualitative behavior 
may be explained by the following analysis. The PL intensity of each bands can be 
described by  










where I0 is the reference intensity,  int is the internal quantum efficiency determined by 
the ratio of the non-radiative lifetime ( nrad) and the radiative lifetime ( rad), n is the 
electron density at the electron states under analysis, and V  is the volume of the active 
region. Increasing temperature will decrease the non-radiative lifetime of electrons, while 
the radiative lifetime will remain nearly constant.  The internal quantum efficiency will 
exhibit a corresponding decrease with temperature. An increase in luminescence intensity 
for the green band with increasing temperature may be explained by a  net electron 
injection into the conduction band from the oxygen states or other shallow nonradiative 
defects states via the thermal emission when the temperature is in the range of 80K to 
120K. And there is a net electron injection into the oxygen states from the conduction 
band or the non-radiative defect states with the temperature at the region from 120K to 
280K.  Therefore, temperature dependent PL spectra show presence of coupling between 
the conduction band and the oxygen states. Overall, the strong radiative emission and 
absorption properties of these ZnTeO thin films is useful for optical emission or optical 
conversion devices, as well as an impurity band or intermediate band detector that is 
currently sought for high-efficiency solar cells.
68,69 
3.4 Summary   
Oxygen incorporation is demonstrated in ZnTe samples synthesized by PLD and 
MBE. The high oxygen partial pressure in the PLD process was found to result largely in 
the formation of amorphous TeOx, where thin films exhibiting increasing optical 
transparency in the visible spectral region. These thin films may find application as 
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electrically insulating or optically transparent layers for electronic or optical devices 
based on ZnTe, ZnO, or related semiconductor material systems. The low oxygen content 
and active oxygen component in the MBE process was found to result in the formation of 
ZnTe with a defect band or intermediate band 0.4eV-0.7eV below the bandedge. The 
defect or intermediate band resulting from oxygen incorporation exhibits high radiative 
efficiency and strong optical absorption properties, and likely be useful for optical 








Chapter 4  
Dynamic Processes of Photo-Carriers  
 
 
Chapter 3 has demonstrated that incorporation of oxygen results in electronic states 
in the band gap with high radiative properties. In this chapter, dynamic carrier generation 
and recombination processes via oxygen states will be analyze experimentally and 
theoretically.  
4.1 Experimental Study  
The energy band diagram for ZnTe:O and associated optical transitions are shown 
in Figure 4.1 (a).  
 
Figure 4.1 (a) Schematic energy band diagram for ZnTe:O and illustration of 
optical transitions, and (b) room temperature photoluminescence spectra for 
ZnTe:N, ZnTe:NO and ZnTe:O samples.  
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The small peaks in the sub-bandgap luminescence in the ZnTe:N&O sample 
suggest phonon emission and a strong Huang-Rhys factor, the latter occurs when there is 
a strong coupling of the transition to the lattice (e.g. when an electron leaves a given site 
the lattice is strongly perturbed) and is often associated with donor-acceptor pair 
transitions and point defects, rather than a band.  In this section, carrier lifetimes in 
ZnTe:O are measured and applied to a rate equation model to assess generation-
recombination processes relevant for IBSC.   
ZnTe:O samples were grown  on GaAs (100) substrates by molecular beam epitaxy 
using solid source effusion cells for Zn and Te, and an Electron Cyclotron Resonance 
(ECR) plasma cell for oxygen and nitrogen incorporation. The nominal thickness of ZnTe 
samples is 2m, with further details on material growth reported in the chapter 2. Three 
samples were studied for comparison with varying oxygen and nitrogen incorporation, as 
shown in Table 4-1 Doping concentration, TRPL measurement conditions for 550nm and 
700nm emissions and measured lifetimes of ZnTe:N, ZnTe:NO and ZnTe:O samples.  

















Lifetime for CB electrons (ps) <100 <100 <100 
Lifetime for O-state electrons 990 ps 160 ps 0.6-4s 
Table 4-1 Doping concentration, TRPL measurement conditions for 550nm and 
700nm emissions and measured lifetimes of ZnTe:N, ZnTe:NO and ZnTe:O samples.  
 
Hall-effect measurements indicate that samples doped with nitrogen at a flow rate 










, attributable to native zinc vacancies
70
. Oxygen incorporates as 
a substitutional impurity in the tellurium site (OTe) under these growth conditions, 
resulting in isoelectronic states in ZnTe
71
. The density of OTe state is estimated from the 
absorption coefficient based on the relation cm
cm
-1 (Ref.70), where No is 
the density of OTe state and is the optical absorption coefficient of transition between 
the valence band and OTe states. The optical absorption coefficient has been characterized 
 45 
previously on ZnTe:O/sapphire structure in Chapter 3. For oxygen flow rates of 0.08sccm 

















, respectively. However, the 
oxygen doping concentration may be higher than these values because of high possibility 
of forming oxygen interstitial in ZnTe
72
. Photoluminescence (PL) spectra were measured 
at room temperature using a He-Cd laser at 325nm, monochrometer, and lock-in 
detection. Time-resolved photoluminescence (TRPL) measurements were also conducted 
at room temperature using excitation at 400nm and detection at 550nm and 700nm.  
Photoluminescence spectra for the three ZnTe samples with differing 
oxygen/nitrogen incorporation are shown in Figure 4.1(b). The ZnTe:N sample 
demonstrates emission predominantly at 550nm (2.25eV), corresponding to the 
conduction band (CB) to the valence band (VB) transition for ZnTe. The ZnTe:NO 
sample also shows a conduction to valence band transition at 550nm, as well as a broad 
peak centered near 700nm corresponding to transitions from oxygen states (intermediate 
band, IB) to valence band. The ZnTe:O sample doped exclusively with oxygen, however, 
only the transition from the oxygen states to the VB is observed. The lack of a clear 
conduction-valence band transition for the ZnTe:O sample is attributed to fast electron 
relaxation from conduction band to oxygen states, as described in more detail in the 
following discussion section. Time-resolved photoluminescence data for the three 
samples are summarized in Table 4-1, with representative scans at 550nm and 700nm 
shown in Figure 4.2. The emission peaks at 550nm demonstrate fast decay times for both 
ZnTe:N and ZnTe:NO, with time constants on the order of 100 ps. The time resolution of 
the TRPL setup is on the order of tens of picoseconds, similar to the time constants for 
conduction to valence  band transitions, suggesting that the carrier lifetime for electrons 
in the conduction band is <100ps.  The emission at 700 nm follows a biexponential 





Figure 4.2 Time-resolved photoluminescence spectra of (a) ZnTe:N and ZnTe:NO at 
550nm and (b) ZnTe:NO at 700nm. 
 
For the ZnTe:O sample, long decay times exceeding 1s are observed at low 
injection levels. In contrast to the ZnTe:N and ZnTe:NO samples, the decay time constant 
for bulk recombination in the ZnTe:O sample exhibits a  dependence on injection level, 




Figure 4.3 Excitation-dependent time-resolved photoluminescence spectra of (a) 




4.2 Dynamic Processes without Bias 
The variations in PL and TRPL behavior in the ZnTe samples with varying nitrogen 
and oxygen content may be attributed to carrier concentration and density of oxygen 
electronic states, as described in the following analysis. The ZnTe:N sample exhibits a 
short recombination time attribute to the  fast radiative recombination rate (B0p) and the 
Auger recombination rate (C0p
2
) in ZnTe material with high p type doping, where the 














incorporation of oxygen in the ZnTe:NO sample provides an additional recombination 
path for photo-generated carriers, resulting in the observed peak centered at 700nm. The 
electronic states corresponding to oxygen provide a means to trap electrons from the CB, 
where the resulting strong emission from the oxygen states demonstrates a significantly 
longer carrier lifetime due to the nature of the localized oxygen defect.  The CB to VB 
transition disappears for the ZnTe:O sample with a high concentration of oxygen states 
and no p-type doping, while the transition corresponding to oxygen states increases. This 
behavior may be explained by fast capture into the high density of oxygen states, in 
conjunction with reduced CB to VB recombination rates due to reduced hole 
concentration. The longer carrier lifetime associated with oxygen states in the ZnTe:O 
sample may also be attributed to reduced hole concentration in comparison to the ZnTe:N 
and ZnTe:NO samples. The carrier populations in the CB, VB, and IB can be expressed 
























dp I . 
 
(4.3) 
where n, p, and NI are the electron density in the CB, hole density in the VB, and electron 
concentration in the oxygen states, respectively. The electrons in the CB can transit to the 
VB, empty states in the IB, or by SRH process. Electrons can also be thermally injected 
into the VB from the CB. The population of electrons in the IB is determined by injection 
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from the IB, and emission out to the VB and CB. Finally, the change of hole population is 
equal to that of electron population. For the simplest case, the initial values of n and p are 
equal to injection carrier density, and the initial value of NI is zero. Radiative 
recombination is assumed to be the dominant process for this analysis, with the exception 
of relaxation of carriers from CB to oxygen states and thermal emission of electrons from 
the IB to the CB. The carrier lifetimes for various transitions are given by the variables 
CV (CB to VB), IV (IB to VB), CI (CB to IB) and e ( IB to CB ) [Ref.75] can be 











































where B0 is the radiative recombination coefficient for CB to VB transition in  ZnTe, with 






. B1 is the radiative recombination coefficient extracted 
from the power dependent TPRL shown in Figure 4.3(b). The electron and hole 
concentrations p0 and n0 are values under thermal equilibrium, where p is the injected 
hole concentration. The equilibrium electron concentration is neglected in the lifetime 
expressions due to p-type conductivity in all samples. The value of CI is determined 
using the thermal velocity of electrons at room temperature vth =2.6×10
7
cm/s, 
concentration of oxygen atoms NO inferred from absorption measurements, and assuming 




(Ref.70). As shown in Equation 
(4.7), e is about 2×10
-3 
s from the Equation (4.7), where EI is the energy level of the IB, k 
is Boltzmann constant, T is absolute temperature, and Nc is the effective density of state 
at the CB. Here the oxygen states lies in at least 0.5ev below the bottom of the CB, e is 
much smaller than CI unless the oxygen states in nearly full occupation. The injected 
carrier density may be related to the TRPL excitation conditions assuming the the 
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(Ref. 77) and a 






















































































































































Figure 4.4 Time resolved electron population at (a) the CB (b) the IB. 
 
The calculated evolution of the electron population at the CB and the IB under 
varying excitation intensity is shown in Figure 4.4 (a) and (b) respectively. The electron 
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population at the CB decreases at approximately the same rate when n(0) is at least one 




.  There is a clear saturation in the filling of IB 
states, which occurs at time scale less than 50ps as shown in Figure 4.4(b).  For full 
occupation of IB states, electron transitions from The CB to IB are prohibited. The 
electron lifetime at the CB is significantly increased as a result of IB occupation, as 
shown in Figure 4.4 (a).  
The evolution of the hole population is shown in Figure 4.5. When the injection 




, the hole population is nearly fixed. With 
increasing the injection level, the evolution curves match closely with those of electron in 




, where the 

































































Figure 4.5 Time resolved hole population at the VB. 
 
The simulated decay time constants for electrons in the IB under varying excitation 
are shown in Figure 4.6 , and are in good agreement with TRPL measurements. The 
effective carrier lifetime for electrons in the CB based on simulations of the above rate 
equations is also shown in Figure 4.6 for varying injection density, along with the 
lifetime of electrons in the IB. Based on these simulations, the effective carrier lifetime 
for CB electrons show the expected increase with increasing excitation density due to an 
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increase in electron population in IB states.  The carrier lifetime for IB electrons also 
show a corresponding decrease with injection density, though is still orders of magnitude 
higher than the lifetime for CB electrons. The dependence of lifetime for CB and IB 
electrons may be divided into three regions according to injection density relative to the  








). The effective 
lifetime of CB electrons may be extended to approximately 1ns when the IB states are 
fully occupied, which would greatly improve the ability to extract carriers generated from 










































Figure 4.6 Simulated effective carrier lifetime for electrons at the CB and IB for 
varying injection.  
In reality, electrons may also be promoted to the IB from deep within the VB.  
Therefore, the initial values of the n, NI, p can be expressed as following: 
n=p0Nc/(Nc+NT), NI=p0 NT/(Nc+NT), p=p0, where p0 is the injected photon number, Nc is 
the effective density of state at the CB, and NT  is the density of oxygen states.  The 
overall carrier population evolution of these initial conditions is nearly the same as the 
more simplified model, with the exception of high IB occupation for high injection levels.  
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4.3 Dynamic Processes with Applied Electric Field  
The application of an electrical field (as shown in Figure 4.7) results in fast 
extraction of electrons in the CB and holes in the VB. Consequently, the probability for 
electrons in the oxygen states to recombine with holes in the VB is reduced significantly. 
Electron lifetime in the oxygen states may be determined by the emission process.  
 
Figure 4.7 The band diagram of ZnTeO under an external electrical field. 
The carrier population in the CB, IB and VB under bias can be described by the 





























where  dr1 and dr2 are the drift times for electrons and holes respectively. Drift time is 
defined as  𝜏𝑑𝑟 =
𝐷
𝜇𝐸  , where D is the thickness of the ZnTe:O film, assumed to 5m 
in our simulation,  E is the bias electrical field, assumed to 10
4
V/cm,  is mobility, 
assumed to 100 cm
2
/Vs for electrons and 50 cm
2
/Vs for holes. Finally, the maximum drift 
time for electrons and holes in the film are 0.5ns and 1ns, respectively.  Other parameters 
have been defined in the Section 4.2. The initial values of the n, NI, p can be expressed by 












































































































































Figure 4.8 Time resolved electron population under electrical field bias at (a) the CB 
(b) the IB. 
The time evolution of the electron population in the CB is illustrated in Figure 4.8 
(a), where behavior is very similar to that without electrical field bias in the near the 
initial carrier injection to a time of approximately 10
-7
sec. Because the effective time (e) 
of thermal emission from the IB to the CB is more than 0.1 ms, which is much longer 
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than the drift time and the recombination time from the CB to the IB and from the CB to 
the VB, the effect of thermal emission is negligible.  
In contrast, a majority of holes are extracted within 1ns as shown in Figure 4.9 
Therefore, electrons will be trapped in the IB until the thermal emission is significant 
(after 10
-5
s) as shown in Figure 4.8 (b). The carrier dynamics become more complex at 
this time scale, where the electron population in the CB and the IB are tightly coupled. 
After electrons emit from the IB to CB, fraction of them will drift out directly, while the 
remaining carriers will relax back to the IB. The electrons will continue to cycle 
untilelectrons from the IB are extracted. Therefore, the effective lifetime of electrons at 
the IB may be larger than the thermal emission time. Long electron lifetime in the IB is 



































































Figure 4.9 Time resolved hole population at the VB under electrical field bias. 
4.4 Summary 
Carrier generation and recombination processes are studied for ZnTeO thin films 
grown by molecular beam epitaxy. Long carrier lifetime (>1s) is measured for electrons 
in oxygen states in ZnTe, where lifetime shows an inverse proportionality with hole 
density. Shorter carrier lifetime is measured for IB states in p-doped ZnTe:NO and 
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ZnTe:N material where hole population is significantly larger. Short lifetime (<100ps) is 
observed for electrons in the CB, and is attributed to the fast relaxation of carriers from 
the CB to IB. The radiative recombination coefficient for optical transitions from oxygen 






 based on the excitation 
dependence of decay time constants. 
Rate equation analysis suggests that the effective lifetime of CB electrons also 
exhibits a dependence on injected carriers, where increase in lifetime is possible when 
injection is on the order of the IB state density. High injection conditions, such as would 
be present in solar concentrator cells, would serve to enhance the carrier lifetime for CB 
electrons and resulting conversion efficiency for intermediate band solar cells based on 
these materials.  
Rate equation analysis also suggests that the effective lifetime of IB electrons can 
be extended to thermal emission time which is much longer than the radiative 
recombination time by applying an electrical field bias. And it will increase further with 
the electron cycling effect. Long electron lifetime in the IB is beneficial to achieving full 
or half full occupation in the IB with low photon flux, which may provide more space to 
reduce the cost of optics for high concentrate solar system, which will be discussed in the 








Chapter 5  
Design of ZnTeO Based IBSC 
 
 
In this chapter, a device model for ZnTeO based IBSC is developed to optimize the 
device parameters and operation conditions for achieving maximum conversion 
efficiency.  Parasitic factors in a ZnTe diode are also discussed. 
5.1 Device Model  
The theoretical model for IBSC operating under ideal conditions has predicted that 
the maximum conversion efficiency is 63.1% with the following assumptions: 1) 
nonradiative transitions between any two of the three bands are forbidden; 2) carrier 
mobility is infinite; 3) no carrier can be extracted from the impurity band; 4) the cell is 
thick enough to assure full absorption of the photons; 5) radiative emission loss at the 
cell‟s backside is zero; 6) for every range of energies only one of the three absorption 
lengths is important; 7) the cell illumination is isotropic
78
. However, the operation 
conditions for real devices are far from the ideal cases. Therefore, a theoretical model 
based on semiconductor device physics without holding the above assumptions needs to 
be developed in order to guide the device design for maximum conversion efficiency.  
5.1.1 Carrier Recombination and Transportation Model 
The Carrier Recombination and Transportation (CRT) model based on p-i-n device 
structure with intermediate band states located in the intrinsic region has been developed 
to estimate the overall conversion efficiency depending on the device parameters such as 
optical absorption coefficient, minority carrier lifetime, carrier transportation, density of 
intermediate band, energy position of intermediate band and so on
79
. The model 
concludes that the conversion efficiency degrades for short minority carrier lifetime or 
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long absorption length relative to minority carrier drift length as shown in Figure 5.1 and 
Figure 5.2 respectively.  
 












. (Ref. 79: A. Lin, W. Wang, J. Phillips, J. Appl. Phys.105, 064512 
(2009)) 
 
Figure 5.2 Efficiency vs base width comparing the CTR model to an ideal  IBSC 











. (Ref. 79: A. Lin, W. 
Wang, J. Phillips, J. Appl. Phys.105, 064512 (2009)) 
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However, the CRT model may be not precise enough to guide the design of  IBSC 
based on without including the following factors: 
(1) The electrical field redistribution in the base region (or intrinsic region) because 







.  The redistributed the electrical field and potential profile in the 
device will significantly reform the base width and carrier transportation
80
.  
(2) The minority carrier lifetime extremely depends on the electron occupation of 
the intermediate band. 
5.1.2 Update of the CRT Model  
Because electron mobility is usually faster than hole mobility for most of 
semiconductor materials, an n
+
-p asymmetric junction is most commonly used for a solar 
cell device. The device structure of a ZnTeO based IBSC is defined in Figure 5.3, where 
the n
+
-layer is an electron emitter and the p layer incorporating oxygen states as a main 
absorber. Photons are injected from the n
+
-layer side. Lp is the effective hole diffusion 
length at the n layer, xn is the depletion width in the n layer, xp is the depletion width at 
the p layer, and Ln is the effective electron diffusion length at the p layer. The static 











where is the electrical potential, is the dielectric constant of ZnTe, and is the charge 




=-q(NI+NA)  (0<x≤xp) (5.3) 
where q is electronic charge unit, ND is the net donor density at the n region, NA is the net 





Figure 5.3 Device schematic of n
+
-p ZnTe asymmetric junction with oxygen 
intermediate band in p- side. 
Furthermore, the depletion width of the junction is determined by the following 


























where Vbi is the self-built potential of n
+
-p ZnTe homojunction, and Va is the apply 
forward voltage. Obviously, the depletion region (W) will shrink because of electron 
occupation in the IB, whose value can be determined from the following current 









































VCVIIVCV  (5.7) 
The recombination lifetime from the CB to the IB (CI) and the thermal emission 
lifetime from the IB to the CB (e) have been defined in the Chapter 4. The radiative 
recombination rate from the CB to the VB (RCV) and from the IB to the VB (RIV) can be 
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defined by RCV=B1np, RCV=B2NI p, where B1 and B2 are the radiative recombination 
coefficients also presented in the Chapter 4.  
The current densities Jn and Jp are defined by the carrier transport equations: 
dx
dn




qDpEqJ ppp     (5.9) 
where Dn and Dp  are the diffusion coefficient for electrons and holes.  
The photon carrier generation rates: GIC, GVC, and GVI are defined in the below 
equations.   
)exp()1()( xRxG CVCVCVCV     (5.10) 
 )exp()1()( xRxG ICICICIC     (5.11) 
)exp()1()( xRxG VIVIVIVI     (5.12) 
The reflection (R) at air/semiconductor interface is assumed to be zero, and internal 
quantum efficiency  to be unit for ideal situation. In these equations, CV VI and C are 
the photon fluxes whose photon energy Eph≥Eg, Eg≥Eph≥Eo and Eo≥Eph≥Eg-Eo 
respectively in the AM1.5 solar spectrum. Based on the room temperature 
photoluminescence results shown in Chapter 3, the oxygen related IB covers from 1.6eV 
to 1.9eV above the VB. The values of CV VI, V and the corresponded maximum photon 
current densities are listed in the Table 5-1.  



















Table 5-1 Photon fluxes, maximum photo current densities for transition from the 
VB to the CB, from the VB to the IB, from the IB to the CB under AM1.5. 
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CV is the absorption coefficient of ZnTe above the bang gap. The absorption 
coefficients from the VB to the IB (VI) and from the IB to the CB are defined in the 
following equations:  
IoptIC N   (5.13) 
)( IooptVI NN   (5.14) 
where opt  is the optical cross section of the IB, also defined in the Chapter 4, and No is 
the oxygen related IB density.  



























Since the oxygen related IB only locates in the p region, the transitions via IB only 
happen there.   
Finally, the J-V curves can be solved numerically from the current continuity 
equations with the boundary conditions given by the applied voltage.  The overall 






  (5.18) 
where Jsc is the short circuit current density, Voc is the open circuit voltage, FF is the fill 
factor in the J-V curve, X is the concentrated time of  incident sun light, and PAM1.5 is the 
total power of AM1.5 spectrum. Ideally,  Jsc is equal to the photo current Jph, which 
consists of three parts: Jph_1 generated in the hole diffusion length of the n side, Jph_2 
generated in the electron diffusion length of the p side, and Jph_3 generated in the 
depletion region.  
 63 
5.1.3 Effect of Electron Occupation 
Electron occupation in the IB is the most critical parameter to determine working 
conditions of ZnTeO based IBSC, which is solved from self consistence of the current 



































































































































































Figure 5.4 Electron occupation vs IB density in (a) the diffusion region (b) the 
depletion region  of a n
+
-p ZnTeO diode under AM1.5 illumination.   
 
In the depletion region, both holes and electrons either generated from the doping or 
photon excitation are swiped out by the self-built electrical field. However, the hole 
concentration in the p side diffusion region is still maintained at doping level. Therefore, 
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the electron lifetime of the IB at the depletion region is much larger than that in the p side 
diffusion region. Under AM1.5 illumination, the IB occupation in the diffusion region is 
less than 0.01%, nearly empty, but the IB in the depletion region is nearly half filled as 
shown in Figure 5.4.  
The depletion width, the electron diffusion length, the absorption coefficients, and 
photon carrier rates are all dependent on the electron occupation in the IB shown in the 
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Figure 5.5 Critical scales as a function of electron density and occupation in IB in 



















-p asymmetric junction, the total depletion width (W) is almost equal to the 
depletion width in the p region (xp).  At low level of electron occupation in the IB, xp is 
more than 1m, much larger than other scale parameters (Lp, Ln and xn), indicating the 
photon current mainly generates in that region. With increasing the electron occupation, 
the total depletion region shrinks, and decreases to around 50nm at full electron 
occupation as predicted by the equation (5.4), but the electron diffusion length (Ln) 
expands from 50nm to more than 1m because of increase of electron lifetime. However, 
the IB should be nearly 50% filled in order to balance the sub-band absorption. In this 
case, both xp and Ln will be around 100nm, which are too thin to capture all sub-band 
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photons if absorption coefficients (VI, IC) are around 5000 cm
-1
, as shown in Figure 5.6.  
The carrier generation rates (SVI, SIC) of sub-band absorption shown in Figure 5.7 indicate 
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Figure 5.6 Absorption coefficients (VI, IC) vs electron density and occupation in IB 
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Figure 5.7 Carrier generation rates (SVI, SIC) vs electron density and occupation in 




















5.2 Optimization of Device Parameters   
Based on the updated CRT model, the impacts of material parameters, device 
doping profile and operation conditions on the overall conversion efficiency are 
reevaluated to give the clues of device design.  
5.2.1 Intermediate band density (No) 
The optimal value of the IB density is estimated first since it is the primary 
parameter to determine the IBSC‟s performance. The J-V curves of ZnTe based solar 
cells with and without an IB are illustrated in the Figure 5.8. The short circuit current (Jsc) 
increases because of additional absorption from the IB, but the open circuit voltage (Voc) 
decreases because electron lifetime degrades with existence of unoccupied states in the 
IB. The Fill Factor (FF) also degrades because of the following mechanics. The 
percentage of photo current generated in the depletion region is much higher for a ZnTeO 
solar cell than that for a ZnTe solar cell. Therefore, more significant decrease of photon 
current in a ZnTeO cell when the depletion region is shrunk by applied forward voltage.  
However, the conversion efficiency improvement can be achieved once the enhancement 
of Jsc is significant enough to overcome the scarification of Voc and FF.  
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Figure 5.8 J-V curves for n
+
-p ZnTe homejunction with and without the oxygen 





















, EG=2.29eV, EO=1.75eV,  
n=p=100 cm
2





































































Figure 5.9 Conversion efficiency of  a ZnTeO IBSC in n
+
-p structure with the IB 














EO=1.75eV,  n=p=100 cm
2



































































Figure 5.10 Conversion efficiency of  a ZnTeO IBSC in n
+
-p structure with the IB 


















The optimal value of the IB density results from not only the balance of carrier 
recombination and generation but also the tradeoff between shrink of the depletion width 
and increase of absorption. As shown in Figure 5.9 and Figure 5.10, the efficiency is 
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extremely dependent on the optical cross section (opt) of oxygen states, but nearly 
independent on the capture cross-section (Cp).  It is because the IB occupations in both 
the depletion region and the diffusion region are almost fixed given a constant 
illumination as illustrated in Figure 5.4. Therefore, ratio of carrier recombination to 




, the optimal IB density is in 






, and the conversion efficient is nearly double of that without 
an IB.  
5.2.2 Donor Density (ND) 
 
Figure 5.11 Conversion efficiency vs donor density (ND) in an n
+
-p ZnTeO IBSC 















/Vs, underAM1.5 . 
 
Despite no sub-band absorption in the n side of the cell, two factors incorporating 
the donor density (ND) in this region reshape the conversion efficient. One is the increase 
of self-build potential and decrease of diffusion current for high donor density, leading to 
increase the Voc and then conversion efficient. On the other hand, both the hole diffusion 
length (Lp) and the n side depletion width (xn) are shorten by increasing donor density 
with negligibly changing the electron diffusion length (Ln) and the p side depletion 



















































section of the IB leads to less dependence of photon current on the n side, and higher 
optimal ND as shown in Figure 5.11.  
5.2.3 Acceptor Density (NA) 
Increase of the acceptor density (NA) also results in large self-built potential and 
small electron diffusion current, leading to large open circuit voltage and high the 
conversion efficiency as shown in Figure 5.12.  
 
Figure 5.12 Conversion efficiency vs donor density (NA) in an n
+
-p ZnTeO IBSC 
























































































































































Figure 5.13  Electron occupation (Ni) vs IB density (No) in an n
+
-p ZnTeO IBSC 








, EG=2.29eV, EO=1.75eV, 
n=p=100 cm
2
/Vs, underAM1.5.  
 
However, detrimental effects, such as reduction of the depletion width only appears 
when NA reaches the same level of electron densities of the IB (NI) in the depletion 
region whose values depend on the optical cross-sections as marked in Figure 5.13. Then 
the optimal acceptor densities (NA) are achieved.  
5.2.4 Concentrated Sunlight (X) 
The electron occupation of the IB either in the depletion region or in the diffusion 
















































































































































Figure 5.14 Electron occupation (Ni) vs sunlight intensity, in an n
+

















, EG=2.29eV, EO=1.75eV, 
n=p=100 cm
2
/Vs in (a) the diffusion region (b) the depletion region. 
 
The electron occupation of the IB in the diffusion region is less 0.1% under one sun 
and less 10% under 1000 suns regardless of the capture cross-sections as shown in the 
Figure 5.14(a). Therefore, the photo-carrier generation from the VB to the IB is always 
much stronger than that from the IB to the CB. In this case, increase of electron 
occupation in the IB will enhance the absorption coefficient from the IB to the CB (IV), 
the electron lifetime and the electron diffusion length, and consistently enhance the 
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photon-electron current in the diffusion region. On the other hand, the electron 
occupation in the IB is already more than 20% under one sun. The generation from the 
VB to the IB is nearly balanced to that from the IB to the CB. Increase of occupation may 
break the balance and does not necessarily lead to generate more photo carriers, but it 
certainly results in shrink of the depletion region and minuses the photon current 
generated in this region. An example of the conversion efficiency dependent on the 





the occupation in the depletion region is nearly fixed as shown in Figure 5.14 (b) 
regardless of light intensity but the occupation in the diffusion region increase linearly 
with light intensity. Therefore, the conversion efficiency is consistently enhanced. But it 











































Figure 5.15 Conversion efficiency vs sunlight intensity in an n
+





















5.3 Parasitic Factors  
The parasitic effects such as imperfect semi-metal contacts, semi-semi interfaces 
and so on are discussed in this section, which dramatically influence the performance of 
real solar cell devices.   
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5.3.1 Series Resistance (Rs) and Shunt Resistance (Rsh) 
Two parasitic parameters, series resistance (Rs) and shunt resistance (Rsh), are listed 
in the circuit model shown in the Figure 5.16 with the current-voltage (J-V) relationship 
described in equation (5.19).   
 

















[exp(  (5.19) 
where Jout is the output current density, Jo is the saturation current density of the diode, 
Jph is the photo current density, Vout is the output voltage, q is an electronic charge unit, k 
is the Boltzmann‟ constant, and T  is absolute temperature, n is the ideal factor of the 
diode. 
For an ideal diode, Rs is expected to be zero and Rsh is infinite. Quantitatively the 
effect of Rs and Rsh on J-V curves are revealed in Figure 5.17 (a) and (b) respectively.  Rs 
mainly degrades the short circuit current (Jsc), and Rsh mainly degrades open circuits 
voltage (Voc). Both of them can deteriorate the Fill Factor significantly. The figures also 
indicate the loss of conversion efficiency is negligible when Rs is less than 1cm
2
 and 
Rsh is more than 1kcm
2
.   
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and ideality factor n=1. 
 
Three main sources for series resistance (Rs) are shown in Figure 5.18.  
 Contact resistance (Rcontact) between metal electrode and semiconductor. Good 
ohmic contact process is required to achieve a low contact resistance.  
 Bulk resistance (Rbulk) from the inactive and active semiconductor region, such 
as cladding layers, absorption layers.   
 Spread resistance (Rspread) from the current spreading based on electrode 
geometry.   
The shunt resistance (Rsh) results from the leakage current through the device edge, 
the pin holes, and other defects inside devices.  
All of these parameters are traded off with other factors in a solar cell device, and 




Figure 5.18 Composition of series resistance in  a semiconductor diode. 
5.3.2 Hetero-junction  
ZnTe epi-layers usually show p type conductivity because of intrinsic defects. And 
it is very difficult to achieve n type conductivity as discussed in Chapter 2. The 
achievement of ZnTe homo-junction has scarcely succeeded
81
. Hetero-junction is an 
alternative solution to realize a ZnTe diode with a p-type layer of ZnTe but an n-type 
layer consists of other semiconductors, such as ZnO, ZnSe, and GaAs and so on. The 
additional structural defects are certainly introduced into hetero-junction because of 
lattice and crystal structure mismatch. Therefore, zinc blend ZnSe and zinc blend GaAs 
are better choices than wurtzite ZnO for low structural defects.   
 
 
Figure 5.19 Band alignments for n-ZnO, n-ZnSe, n-GaAs and p-ZnTe. 
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On the other hand, band alignment as shown in Figure 5.19  is also a major factor to 
select the hetero-junction material. For example, band alignment of the VB between n-
GaAs/p-ZnTe favors hole injection form ZnTe to GaAs under forward bias, resulting in 
small open circuit voltage. However, both electron injection from n side and hole 
injection from p side under forward bias are barred at either ZnO/ZnTe or ZnSe/ZTe 
interface. Overall, ZnSe may be the best choice among these three candidates for hetero-
junction. And more detail also will be discussed in the following chapters.  
5.3.3 Additional Absorption and Reflection  
Absorption and reflection at the window layer should be as small as possible to 
maximize the incident photon intensity, which usually requires large band gap and low 
refractive index for the window layer. ZnO with the band gap of 3.4eV and refactive 
index of 1.9 may be a good choice.  
5.4 Summary  
The CRT model has given basic rules to guide the design of IBSC based on ZnTeO. 
This model is updated by including the band profile redistribution for electron occupation 
in the IB, and the dependence of minority carrier lifetime on the electron occupation of 
the intermediate band. The effect of material parameters, device structure and operation 
conditions on the overall conversion efficiency are reevaluated. 
In n
+
-p ZnTe junction with the IB in the p side, the IB is nearly half filled in the 
depletion region and almost empty in the diffusion region under steady state. Both the 
open circuit voltage and fill factor degrade but the short circuit current increases 
comparison to those in a ZnTe junction without an IB.  
The overall efficiency improvement from the IB extremely depends on its optical 




, the conversion efficiency of ZnTeO based 













.  The efficiency of ZnTe IBSC is 
almost double than that of a ZnTe cell without an IB.  













 for the p side, dependent on the optical cross-section.   
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Concentrated sunlight does increase the electron occupation of the IB both in the 
depletion region and the diffusion region. However, only increase of occupation in the 
diffusion region leads to enhance the conversion efficiency.  
The circuit model indicates the series resistance should be less than 1cm
2
 and 
shunt resistance larger than 1Kcm
2
 for a practical solar cell device. N-type ZnSe is 
believed to a best candidate to form a hetero-junction for a ZnTe based diode based on 
the crystal structure and band alignment. ZnO may be a good choice for the window layer. 





Chapter 6  
Demonstration of ZnTeO Based IBSC 
 
 
Oxygen doping in ZnTe is applied to a junction diode in the aim of utilizing the 
associated electron states near 0.4-0.7eV below the conduction band edge as an 
intermediate band for photovoltaic solar cells. The ZnTeO diodes confirm extended 
spectral response below the band edge relative to undoped ZnTe diodes, and demonstrate 
a 100% increase in short circuit current, 15% decrease in open circuit voltage, and overall 
50% increase in power conversion efficiency. Sub-band gap excitation at 650 nm and 
1550 nm confirms response via a two-photon process and illustrates the proposed energy 
conversion mechanism for an intermediate band solar cell. 
6.1 Device Structure  
ZnTeO based intermediate band solar cells were initially realized by a p-GaAs/n-
ZnTe heterojunction structure because 1) ZnTe epi-layers are achievable on GaAs 
substrates, 2) GaAs substrates can be degenerately doped as n type to form p-ZnTe/n-
GaAs hetero-junction, which simplifies device fabrication.  
6.1.1 Device Structure  
 
Figure 6.1 Device cross-section schematics of p-ZnTe/n-GaAs junction.  
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A typical device schematic is shown in Figure 6.1.The substrate is n type GaAs 




, the mobility about 2000 cm
2
/v.s, the 
thickness near 0.5mm. First, a lightly doped p-type ZnTe absorber layer was grown on 
the substrate with or without oxygen doping, followed by a highly doped p-type ZnTe 
contact layer. Metal contacts were formed on the top and bottom sides. The typical 
thicknesses are 1m for the absorption layer, 0.3 m for the ZnTe contact layer, and 
100nm for both the top and the bottom metal contact layers. The electrical parameters 
used in calculation of energy band diagram are listed in Table 6-1. The calculated energy 
band diagram is illustrated in Figure 7.2.The discontinuities of the conduction band (EC) 
and the valence band (EV) are about 0.37eV and 0.5eV respectively, where EC is a 
barrier for electron injection from n-GaAs to p-ZnTe, while EV assists  hole injection 
from p-ZnTe to n-GaAs.  



















 4.07eV 1.42eV me=0.067m0  
Table 6-1 Electrical parameters for energy band diagram calculation. 
 
 
Figure 6.2 Calculated band diagram for p-ZnTe/n-GaAs junction. 
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6.1.2 Material Growth and Device Fabrication  




-ZnTe were grown by the following steps. 
1. The epitaxy ready GaAs (100) substrates were cleaved into 1cm×1cm and loaded 
in the growth chamber of the MBE system with base pressure <10
-8
 Torr.  
2.  The GaAs substrates were heated up to 700 oC to remove surface oxides.   
3. After surface cleaning, the substrates were heated to 250 oC. The Beam 
Equivalent Pressure (BEP) of the zinc cell was set to 5×10
-7
 Torr, and 1.2×10
-6
 
Torr for the tellurium cell. Oxygen was introduced by an Oxford ECR cell with 
oxygen flow rate of 1sccm, resulting in the growth chamber pressure increase to 
2×10
-5
 Torr. The growth rate is about 1.5m/hr for ZnTeO growth under the 
above conditions.   
4. The growth chamber was pumped down to 2-3×10-8 Torr to pump residual 
oxygen. Nitrogen was then introduced by the ECR cell for p-type doping of ZnTe 




 hole concentration.  
The solar cell with n-GaAs/p-ZnTe/p
+
-ZnTe structure was grown as same steps as 
above except turning off oxygen flow. Then the solar cell devices were fabricated using 
the following procedure.  
1. Top contacts consist of 30nm Ni as an adhesion layer and 70nm Au as a highly 
conducting layer, both of which were deposited by e-beam evaporation at room 
temperature, and then lifted off into the designed pattern. The pattern was 
generated by photolithography, as described in Appendix II.  
2. Solar cells were isolated using photolithography and wet chemical etching. The 
mesa etching was executed by a solution consisting of deionized water, Hydrogen 
Peroxide (H2O2) solution, and Phosphoric acid (H3PO4) at a volume ratio of 2:1:1. 
Both GaAs and ZnTe can be etched by this solution. The etching rate of this 
mixture solution for ZnTe is about 1.5m/min.  
3. Bottom contacts at the backside of the GaAs substrate consist of 50nm Ti as an 
adhesion layer and 100nm Au as a contact layer, both of which were deposited by 
e-beam evaporation at room temperature.  
4. The solar cell deviceswere annealed under nitrogen ambient at 200oC for 10 
minutes in order to reduce the metal/semiconductor contact resistance.  
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The fabricated solar cell devices are illustrated in Figure 6.3.  
 
Figure 6.3  Top view of fabricated ZnTeO based solar cells on GaAs substrate.  
6.2 Characterization and Analysis 
Current-voltage and spectral response measurements were used to identify whether 
oxygen states in ZnTe are beneficial to solar energy conversion.   
6.2.1 Current-Voltage Characteristics 
Current-voltage characteristics were measured at room temperature using a Keithley 
4200 semiconductor parametric test system. The current-voltage curves for ZnTe and 
ZnTeO cells measured in the dark are  shown in Figure 6.4. Both cells rectify current 
strongly with on/off ratio of approximately 50 for the ZnTe cell and 200 for the ZnTeO 
cell.  The ideality factor of the ZnTe cell is about 3.3, indicating high non-radiative 
recombination in the ZnTe region, likely due to the high lattice mismatch between the 
ZnTe epi-layer and the GaAs substrate. The forward current of the ZnTeO cell clearly 
demonstrates two distinct regions, likely due to additional high recombination centers 
induced by oxygen doping. The ideal factors are approximately 6.7 in the region from 
0.1V to 0.5V forward bias, and 3.1 in the region from 0.5V to 1.0V.  
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Figure 6.6 Solar cell current-voltage curves under AM1.5 conditions for ZnTe and 
ZnTeO diodes. 
 
The possible optical transitions of ZnTeO under solar illumination are illustrated in 
Figure 6.5. The current-voltage characteristics for ZnTe and ZnTeO solar cells under AM 
1.5 illumination are shown in Figure 6.6. A clear photovoltaic response is observed for 
both sets of devices, where an increased short circuit current density (Jsc) and reduced 
open circuit voltage (Voc) are observed for the ZnTeO, with an overall improvement of 50% 
in the power conversion efficiency. The increase in Jsc is approximately double 
corresponding larger number of photo-generated carriers. The source for the approximate 
15% reduction in Voc may be due to a number of factors, including increased non-
radiative recombination and carrier occupation in the IB lowering the Fermi level 
position. The overall conversion efficiency of both devices are both relatively low (<1%), 
where significant development of materials growth and device structures are required to 
improve efficiency. Factors degrading conversion efficiency include high series 
resistance, low shunt resistance of the junction, and small carrier lifetime associated with 
the junction technology and defects corresponding to the large lattice mismatch of the 
active region and GaAs substrate. Equivalent circuit modeling of the I-V characteristics 
provide values for the shunt resistance and series resistance of the devices, which were 




. The value of 
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series resistance is clearly a major limitation, where reduction to a more typical 
Rseries=1-cm
2
 is estimated to provide a power conversion efficiency value of 
approximately 5% for the ZnTeO device in Figure 6.6. Further significant efficiency 
improvements are expected with the development of suitable buffer layers and ZnTe or 
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Figure 6.7 Current-Voltage curves under varying incident solar power for (a) ZnTe 
cell (b) ZnTeO cell.  
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Figure 6.8 Voc and Jsc vs incident solar power of ZnTe and ZnTeO cells. 































The current-voltage curves were measured under varying solar power intensity as 
shown in Figure 6.7. The Voc increases logarithmically and the Jsc increases linearly with 
the incident solar power intensity as illustrated in Figure 6.8. Both Voc and Jsc of the 
ZnTeO cell are less than those of the ZnTe cell under low illumination (around 
0.5mW/cm
2
), indicating oxygen states act as recombination centers rather than generation 
centers.  However, Jsc of the ZnTeO increases more rapidly with power intensity than that 
of ZnTe, where the conversion efficiency of the ZnTeO cell surpasses the ZnTe  
efficiency when the incident power is about 10mW/cm
2
, equal to one tenth AM1.5 
intensity as shown in Figure 6.9.  
6.2.2 Monochromatic Photon Response 
Photoluminescence measurements were taken using excitation from a HeCd 325nm 
laser, a grating spectrometer, lock-in amplification, and a photodiode detector. Solar cell 
optical response measurements were taken using a grating spectrometer for spectral 
response. A room-temperature photoluminescence spectrum for ZnTeO grown on GaAs 
is shown in Figure 6.10, indicated both a bandedge response for ZnTe at 2.3 eV and a 
strong sub-bandgap response related to oxygen doping in the range of 1.6-2.0 eV. In a 
majority of the ZnTeO samples, the spectrum is dominated by defect emission, where the 
spectrum in Figure 6.10, was chosen in order to illustrate both defect and ZnTe bandedge 
emission. In comparison, the photoluminescence spectrum for an undoped ZnTe sample 
shows a sharper bandedge transition, and a much weaker defect emission. The presence 
of defect emission in the undoped ZnTe sample is believed to be due to residual oxygen 
present in the growth chamber. The strong radiative emission due to oxygen in ZnTe is 
consistent with previous detailed studies
82-84
. The strong emission for the oxygen defect 
in ZnTe denotes a highly radiative transition, and is therefore a highly desirable 
characteristic for the IB solar cell. Complementary optical absorption spectra inferred 
from transmission measurements have been reported in chapter 3 for samples deposited 
on sapphire under varying oxygen partial pressure
85
. A sharp bandedge response is 
observed for ZnTe without oxygen, while increasing sub-bandgap optical absorption is 
observed with increasing oxygen. Sub-bandgap response occurs when an electron is 
excited from the valance band to the oxygen states by absorbing one sub-bandgap photon, 
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and then from the oxygen states to the conduction band with the assistance of another 
sub-bandgap photon. The sub-bandgap optical absorption is consistent with the 
photoluminescence characteristics, and is similarly attributed to oxygen defects in ZnTe.  
 
 
Figure 6.10 Room-temperature photoluminescence spectra of ZnTeO illustrating 
emission from both the ZnTe bandedge and oxygen related defect states. 
 
 
Figure 6.11 Solar cell spectral response for ZnTe and ZnTe:O diodes.  
 


















































The spectral response for diodes fabricated with ZnTe and ZnTeO absorber layers is 
shown in Figure 6.11. For the case of the ZnTe diode, a sharp bandedge response is 
observed near 2.25 eV, with a gradual response decrease with increasing energy. The 
negligible response below the bandedge for the ZnTe diode indicates that the GaAs 
substrate does not contribute to the photocurrent, where the large band offsets block 
carrier transfer from n-GaAs to p-ZnTe. The response decrease at high energy is 
attributed to an increasing fraction of optical absorption in the heavily doped p type ZnTe 
cap layer, where carrier collection will be impeded due to short carrier diffusion lengths 
in this layer. The ZnTeO diode exhibits enhanced spectral response below the bandedge, 
where response is observed for energies down to 1.5 eV. It should be noted that the 
spectral response was obtained using monochromatic light, and does not necessarily 
represent the true spectral response of a solar cell where a full spectrum is incident on the 
device. The monochromatic incidence does not provide a means of “pumping” carriers 
from the valence band to intermediate band in order to enable absorption from the 
intermediate to the conduction band.  
6.2.3 Two-Photon Absorption  
The multi-photon process associated with intermediate-band transitions was further 
investigated using illumination by 650 nm (1.91 eV) and 1550 nm (0.8 eV) laser sources 
corresponding to energies below the ZnTe band edge as shown in Figure 6.12. 
 











Figure 6.13 Sub-bandgap response of a ZnTe:O solar cell with 0.09 cm
2
 device area 
shown by (a) current-voltage characteristics under 1550nm, 650nm, and 650nm + 
1550nm excitation, and (b) ISC and VOC for variable 1550nm laser excitation and 












































1550nm Laser Power (mW)
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The 650 nm laser provides energy necessary to excite an optical transition between 
the valence band and IB, while the 1550 nm laser provides the energy necessary to excite 
a transition from IB to conduction band. The ZnTe diodes did not exhibit any detectable 
response at these wavelengths. The ZnTeO diodes do not show any detectable response 
for sole illumination at 1550nm, but do demonstrate significant response for illumination 
at 650nm, consistent with the response observed at 1.91 eV in Figure 6.13(a). The 
observed response for monochromatic 650 nm illumination suggests that carriers are 
excited into the IB and are subsequently promoted to the conduction band by further 650 
nm photons, thermionic emission, or tunneling. Alternatively, it would be possible to 
extract carriers directly from the IB for the case where transport via IB states is 
significant. However, IB transport is unlikely in these experiments due to the low density 
of oxygen states and corresponding large spacing between neighboring oxygen atoms. 
The addition of 1550 nm illumination to 650 nm illumination (simultaneous excitation) 
results in an increase in photocurrent and open circuit voltage. The photovoltaic response 
increases monotonically with increasing 1550nm power density Figure 6.13(b), providing 
supporting evidence that the intended two-photon process for IB solar cells may be 
occurring in the ZnTeO device. The non-linear increase in short circuit current with 
increasing 1550 nm illumination suggests that IB solar cell efficiency may be improved 
under higher excitation levels, indicating that these devices may further benefit from 
solar concentration.  
The short circuit current has an approximate square root dependence on 1550nm 
laser intensity as shown in Figure 6.14. Based on the limited data set, the source of 
nonlinearity between Jsc and 1550 nm laser intensity is inconclusive. Possible 
explanations for this behavior are a two-photon absorption process, nonuniform 
absorption in the material, and overlap of absorption bands.   Nonlinear behavior may 
also be related to material defects, where quantum efficiency is less than one and may 






Figure 6.14 Correlation of Jsc with 1550nm laser power in log scale  
6.3 Summary 
In conclusion, ZnTeO has been applied to diode structures exhibiting enhanced 
response to the solar spectrum in comparison to ZnTe due to photo-excitation below the 
bandgap energy. The increase in response for the ZnTeO diodes translates to an 
approximate doubling of the short circuit current, while suffering an approximate 15% 
decrease in open circuit voltage. Sub-bandgap excitation experiments under 650nm and 
1550nm excitation demonstrate the two-photon response characteristic desired for 
intermediate band solar cells and serve as a basis for further efforts to develop ZnTeO 
and other dilute alloys or impurity materials for enhanced solar cell conversion efficiency.  
In this chapter, ZnTeO diodes were realized by p-ZnTe/n-GaAs hetero-structures in 
order to simply the device fabrication. However, the conversion efficiency is severely 
limited by 1) high dislocation density in the absorber layers and interface defects because 
of large lattice mismatch, 2) possible reverse doping either in the p-ZnTe layer by Ga 
diffusion or the n-GaAs substrate by Zn diffusion, 3) band alignment for amplifying hole 
injection from p-ZnTe to n-GaAs, 4) strong absorption in the p
+
-ZnTe window layer.  
Further significant efficiency improvements are expected with the development of 
suitable buffer layers and ZnTe or II-VI based junction technologies to reduce defect 






Chapter 7  
Solar Cell Device Structure Improvement Efforts  
 
 
Initial efforts were conducted to improve ZnTe diode characteristics. The 
ZnO/ZnTe hetero-structure was studied in the goal of improving the ideality factor and to 
reduce series resistance. Furthermore, the effect of a ZnSe buffer between ZnO/ZnTe was 
investigated in order to reduce interface defects between ZnO/ZnTe and provide a more 
lightly doped n-type layer adjacent to the ZnTe-based absorber layers. 
7.1 Device Structure 
The low formation energy of n-type native defects including Zn interstitials, O 
vacancies, and unintentional donors such as hydrogen leads to high background n-type 
carrier concentrations in ZnO
86
. With doping of group III elements
87
, such as Al, Ga, In, 




.  Furthermore, wide bandgap (Eg=3.34eV at 
room temperature) and low refractive index (around 2.0 in the visible range) of ZnO 
make it attractive as a top layer with low absorption and reflection.  
7.1.1 Device Structure  
The schematic of a ZnO/ZnTe junction is shown in Figure 7.1. The device was 





mobility around 200 cm
2
/V.s. A heavily doped p-type ZnTe was used as a buffer layer, 
followed by a lightly doped p-type ZnTe layer and n-type ZnO. The electrical parameters 




Figure 7.1 Schematics of n-ZnO/p-ZnTe heterojunction on a GaAs substrate. 
 
























 4.07eV 1.42eV mh=0.5m0 
Table 7-1 Electrical parameters for energy band diagram calculation 
 
Figure 7.2 Calculated energy band diagram at thermal equilibrium. 
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The calculated energy band diagram is illustrated in Figure 7.2. The band alignment 
between ZnO and ZnTe is type II, whose discontinuities at the conduction band and the 
valence band are 0.6eV and 1.64eV respectively. These discontinuities block majority 
carrier injection from both n-type ZnO to p-type ZnTe and p-type ZnTe to n-type ZnO, 
potentially reducing the diode saturation current. 
7.1.2 Device Growth and Fabrication 
The ZnO/ZnTe hetero-junction with the structure in Figure 7.1 was grown and 
fabricated as the following steps. 
1. A nitrogen doped ZnTe layer as a buffer layer were grown by molecular beam 
epitaxy (MBE) on conducting p-type GaAs (001) substrates at a substrate 
temperature of 250
o






2. A 0.4m thick layer of ZnTe was grown without intentional doping. Independent 
calibration runs of ZnTe on insulating substrates resulted in background carrier 





3. A subsequent layer of ZnO was grown by pulsed laser deposition (PLD) in a 
separate chamber, with a thickness of 350nm. The substrate temperature for ZnO 
deposition was kept intentionally low at 200 
o
C to avoid possible degradation of the 
ZnTe material. The electron concentration of ZnO grown under these conditions has 





4. Ti/Au 30nm/70nm for contacts to n-type ZnO deposited by e-beam evaporation at 
the room temperature was patterned by the lithography and the lift-off processes.  
5. Mesa etching was executed by the mixture solution consist of deionized water and 
hydrofluoric acid with volume ratio of 9:1. The etching rate for ZnO film is about 
0.2m/min. 
6. Ni/Au 50nm/100nm for bottom contacts to p-type GaAs were also deposited by e-
beam evaporation at the room temperature.  
7. The devices usually were annealed under nitrogen ambient at 150oC for 10 minutes 
in order to reduce the metal/semiconductor contact resistance.  
The fabricated device is illustrated in Figure 7.3. 
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Figure 7.3 Top view of ZnO/ZnTe hetero-junction on GaAs substrate.  
 
7.2 Characterization and Analysis 
The ZnO/ZnTe diode properties were explored by electrical, optical and structural 
measurements. 
7.2.1 Structural Mismatch 
X ray diffraction (XRD) with -2wide angle scanning, shown in Figure 7.4, was 
used to exam the crystalline structure of the ZnO/ZnTe hetero-junction. The ZnTe (002) 
and (004) reflections clearly indicate the predicted zinc blend ZnTe (001) orientation on 
the GaAs (001) substrate. A strong ZnO (0002) reflection is observed, indicating the 
wurtzite c-plane ZnO (0001) orientation. Despite the apparent epitaxial relationship 
between ZnO, ZnTe, and GaAs, a significant defect density is likely in these hetero-
junctions due to the differing symmetry of the hexagonal ZnO crystal structure in 
comparison to zinc-blend ZnTe.  Furthermore, a large defect density is also predicted for 
the large lattice mismatch in this orientation, where the crystalline relation (0001) 
ZnO//(001) ZnTe and  0110 ZnO//[110]ZnTe results in a lattice mismatch of 25%. 
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7.2.2 Current-Voltage Characteristics 
Room temperature Current-Voltage (J-V) characteristics of the n-ZnO/p-ZnTe 
hetero-junction are presented in Figure 7.5 on both a logarithmic and linear scale. The 
leakage current for the diodes is less than 0.1mA/cm
2 
at reverse bias of 1 volt, with a 
breakdown voltage of approximately 10 volts. In forward bias, the turn-on voltage is 
approximately 1 volt, resulting in a current on/off ratio of Jon/Joff of approximately 1×10
5
. 
The J-V characteristics in forward bias fit closely to the diode equation, J=Js exp(qV-
qJRs/nkT), where Js is saturation current density, q is the charge of an electron, kT is the 
thermal energy, and n is the ideality factor, Rs is series resistance . The ideality factor of 
the diode is determined to be 1.3 for the voltage range from 0 to 0.5 volt, indicating 
primarily diffusion current rather than generation-recombination current in the depletion 
region. Series resistance was determined to be Rs=0.063.cm
2









-GaAs may be contributed low 
dislocation density in ZnTe region because of a thick p
+
-ZnTe buffer.  
 




















































Figure 7.4  X- -2 -junction on GaAs. 
 98 
 



































          





























Figure 7.5 Current-voltage characteristics for the ZnO/ZnTe heterojunction diode 
with and without illumination shown on (a) logarithmic (b) linear scale. 
 
A strong photo-response is observed under illumination through a tungsten lamp 
with estimated power density about 70mW.cm
-2
 through a microscope objective, as 
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shown in Figure 7.5 (b). A photovoltaic effect is observed under zero and forward bias, 
where a short circuit current of Jsc~0.8mA/cm
2
 and open circuit voltage of Voc~60mV are 
observed. According to the relation Voc=nkTln(Jsc/Js)/q
88
, the small Voc is related to a 
large reverse saturation current density. The reverse saturation current in these diodes 
may be related to defects arising from the mismatch between the ZnO and ZnTe 
crystalline structures or defects in the ZnO related to the low temperature deposition 
process. We have also evaluated ZnO/ZnTe diodes with a similar structure, but without 
the heavily doped ZnTe buffer layer. The absence of the ZnTe buffer layer would be 
expected to result in a high density of dislocations within or near the diode depletion 
region, corresponding to the mismatched ZnTe/GaAs interface. These devices exhibited 
an increased ideality factor of n=1.9 and lack of photovoltaic effect, consistent with these 
expectations. Several differing approaches may be used to reduce the reverse saturation 
current and increase the photovoltaic response. To improve the ZnTe/ZnO match, the 
(111) ZnTe orientation may be used for an improved match to the hexagonal symmetry of 
ZnO. Higher quality ZnO material may be utilized by inverting the device structure, i.e. 
by growing ZnTe (requiring low temperature growth) on high quality ZnO, where (111) 
ZnTe growth would be expected.  
7.2.3 Photo-Response  
The spectral response of the diodes is shown in Figure 7.6, where response between 
2.3eV and 3.6eV is observed. There is clearly no significant response for energies below 
2.3eV, corresponding to the ZnTe bandgap energy. This observation indicates that the 
GaAs substrate does not play a role in determining the observed diode behavior. For 
incident photons with energy between the ZnTe and ZnO bandgap energy, absorption and 
carrier generation occurs primarily in the unintentionally doped ZnTe layer. This ZnTe 
layer will lie in the depletion region of the diode where photogenerated electron-hole 
pairs will be separated and collected across the junction by the built-in electric field. The 
spectral response cutoff at short wavelength (~3.6eV) roughly corresponds to the ZnO 
bandgap energy, and is discussed in the following. When the energy of incident photons 
exceeds the bandedge of ZnO (3.37eV), there will be strong optical absorption in the ZnO 
layer. Shorter wavelengths will lead to increased absorption near the ZnO surface due to 
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the increasing optical absorption coefficient at higher energies. In order for these 
photogenerated carriers to contribute to detector photocurrent, the minority carrier holes 
in the ZnO must diffuse to the junction in order to be swept to the p-side of the junction. 
However, the diffusion length of holes in ZnO is predicted to be only ~50nm due to the 
short minority carrier (hole) lifetime in n-ZnO, ~1ns
89





. This hole diffusion length is significantly smaller than the thickness of the 
ZnO layer (350nm) in the device structure. The short wavelength cutoff of the detector 
response just above the ZnO band edge may be attributed to the long diode structure 
relative to the hole diffusion length. 
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Figure 7.7 Simulation results for the ZnTe/ZnO heterojunction diode showing (a) 
position dependent carrier generation rate at   varying incident photon energy and 
(b) spectral response.   
 
A device model used to validate our explanation for the photo response behavior. 
The photon generation rate as a function of position is calculated by G(x)= opt exp(-
x),where x is the position departing from surface, opt  is incident photon flux, is 
absorption coefficient. The absorption coefficient is given by the following expressions 
near band edge
91
, where Eg is the band gap of semiconductor, Eph is the incident photon 
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energy, and and  are fitting parameters for the optical absorption coefficient. The 






























   for Eph≥Eg (7.2) 
The carrier generations at four energies in the range of 2.2eV to 3.6eV is presented 
in Figure 7.7(a).  From this plot, a strong transition from photo-generation in the ZnTe to 
predominant photo-generation near the incident ZnO surface is observed with increasing 
photon energy. The photon current density is mainly proportional to the integral of G(x) 
in hole diffusion length in n region, depletion region, and electron diffusion length in p 
region. The resulting current density for the diode is then calculated according to drift-
diffusion equations described in the reference
94
. The calculated spectral response due to 
the white light illumination with uniform intensity is then shown in Figure 7.7 (b). The 
simulated spectral response is qualitatively in good agreement with the measured spectral 
response shown in Figure 7.6. Deviations between calculated and measured spectral 
response may be primarily attributed to the nonuniform spectral response of the xenon 
lamp and optical interference effects not accounted for in the simulation.  
7.3 ZnSe Buffer 
Low series resistances and small ideal factors have been achieved in n-ZnO/p-ZnTe 
hetero-structure. However, the high saturation current may limit its performance as a 
solar diode, which results from the high defect density at the ZnO/ZnTe interface because 
of crystal structure and lattice constant mismatches and atmosphere exposure between 
ZnTe and ZnO growth. Nevertheless, ZnSe probably is a good candidate to mitigate the 
interface defects due to the follow reasons.  
1) ZnSe is a zinc-blend crystal similar to ZnTe. Its lattice constant is 0.567nm with 
6.7% mistmatch with ZnTe, much less than the mismatch between ZnO(111) and 
ZnTe(100).  
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2) ZnSe also shows intrinsic n–type behavior andcan be heavily n-type doped with 
group VII elements
95
, such as Cl, Br and I, or group III elements
96
, such as Al.  
3) Solar absorption in the ZnSe buffer layer is negligible  for thin layers (~50nm) 
and and the wide bandgap (2.70eV at room temperature) measured from the optical 
reflection  as shown in Figure 7.8 . 
 
































Figure 7.8 The optical reflection of ZnSe thin film GaAs substrate grown by MBE 
7.3.1 Device Structure and Fabrication  
The schematic diagram of the ZnO/ZnTe junction with a ZnSe buffer structure is 
shown in Figure 7.10. The growth and fabrication processes are the same as those without 
a ZnSe buffer layer except for the deposition of ZnSe and ZnO. The ZnSe layers in these 
devices are deposited either by room temperature e-beam evaporation (SJ26) or by 
molecular beam epitaxy after ZnTe growth at 250
o
C. The single crystal ZnTe epitaxy 
film grown by MBE is indicated by Figure 7.9 in contrast to amorphous ZnSe films 
deposited by room temperature evaporation. The difference of these two deposition 
methods will be addressed in the follow section.  
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Figure 7.9 X-ray diffraction ( rocking curve) of ZnSe epitaxy on GaAs (100) 
substrate. 
 







/V.s was grown by Atomic-Layer-Deposition (ALD) with thickness of 200nm at 
150
o
C growth temperature. The low mobility of the ZnO film results from the amorphous 
type crystal obtained at low growth temperature.  
 
 
















































 4.1eV 2.76eV me=0.21m0 
Table 7-2 Electrical parameters for band diagram calculation. 
 
 
Figure 7.11 Calculated band diagram for n-ZnO/p-ZnTewith a ZnSe buffer layer. 
 
The electrical parameters of ZnTe and ZnO for band diagram calculation are listed 
in Table 7-1, while the parameters of ZnSe are listed in Table 7-2. The electron 





 in most cases
97
. The calculated band diagram is illustrated in Figure 7.11, 
where the band alignment between ZnSe and ZnTe is still type II with band barriers for 
both major carrier injections. 
7.3.2 Effect of ZnSe Buffer 
Dark I-V curves of ZnO/ZnTe junctions with and without ZnSe buffer are shown in 
Figure 7.12 on a logarithmic scale. The series resistance for the junction with ZnSe is 
241cm
2
 and ideality factor of 3.5. The junction without ZnSe results in a  series 
resistance of 0.46 .cm
2
, and an ideality factor of 3.9, both of which are higher than 
those in previous ZnO/ZnTe diodes with the ZnO films deposited by PLD. The poor 
diode characteristics may result from the amorphous crystal of ZnO in ALD deposition. 
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The reverse saturationcurrent in the junction with ZnSe is 10
4
 times smaller than that in 
the junction without ZnSe, and may be due to reduced interface defects in the junction. 
The forward current is also10
4 
time smaller in the junction with ZnSe, probably due to the 
high resistivity of the ZnSe layer. Therefore, a highly conductive n-type ZnSe with single 
or poly crystalline structure is preferred to improve the diode characteristics.  
 
Figure 7.12 Dark I-V curves of n-ZnO/p-ZnTe with and without a ZnSe buffer 
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Figure 7.13 C-V curves of n-ZnO/p-ZnTe with and without thin a ZnSe buffer  
 
Significant hysteresis is observed in the capacitance-voltage characteristics of the 
junction with ZnSe, indicating that there is a high density of charged defects, which are 
not observed without ZnSe. This difference suggests that amorphous ZnSe is the major 





Furthermore, a ZnSe buffer layer prepared by room temperature evaporation 
provides weaker photovoltaic effect than that without a ZnSe buffer as shown in Figure 
7.13. On the contrary, a ZnSe buffer grown by molecular beam epitaxy dramatically 
improves the diode‟s photovoltaic effect with Voc=0.7V and Jsc=34A/cm
2
, confirming 
that the crystal quality of ZnSe is critical to achieve the benefit of a ZnSe buffer.  The 
poor fill factor indicates that the high series resistance caused by the ZnSe buffer again 
becomes the major issue, which may be resolved by intentionally adding a highly 
conductive n-type ZnSe layer.  
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Figure 7.14 I-V curves of ZnO/ZnTe diodes with and without a ZnSe buffer layer 
under illumination of a microscope tungsten lamp. 
7.4 Summary 
In conclusion, strong rectifying diode behavior is achieved for n-ZnO/p-ZnTe 
heterojunction diodes with Ion/Ioff ~ 1×10
5
, ideality factor n=1.3, and series resistance 
Rs=0.063.cm
2
. Strong photoresponse is observed in the range of 2.3eV to 3.6eV, where 
cutoff energies are determined by the absorption edge for ZnTe and minority hole 
collection in ZnO, respectively. The diode behavior and photovoltaic response indicates 
that these structures are promising for future electronic and optoelectronic devices based 
on ZnTe heterojunctions, despite the mismatch between ZnTe and ZnO. A ZnSe buffer 
grown by molecular beam epitaxy with poly or single crystal structure between the 
ZnO/ZnTe interface demonstrated a significant improvement of photovoltaic effect 
probably resulting from interface defects constrain by the ZnSe buffer. However, a highly 
conductive ZnSe layer with good crystalline quality may be required to reduce the series 
resistance and saturation current density, and improve a diode ideality so that these n-
ZnO/p-ZnTe diodes can become excellent structures for realizing ZnTeO based 






Chapter 8  




8.1 Summary of Thesis Work 
This thesis has investigated the operation of an intermediate band solar cell based on 
the ZnTeO material system both experimentally and theoretically including material 
synthesis and characterization; analysis of photo-carrier generation, recombination and 
transport; and device simulation, fabrication and optimization. 
First, ZnTeO material synthesis and characterization of structural, chemical and 
electrical properties of were presented. These studies conclude that high oxygen 





) are preferred to generate substitutional oxygen impurities 
in ZnTe.  
Optical properties of ZnTeO were explored in detail by transmission, reflection, and 
photoluminescence measurement in order to reveal the carrier generation and 
recombination processes via the oxygen states. The absorption coefficient of oxygen 





 with proper oxygen doping conditions.  Oxygen states and associated complexes 
also demonstrate highly radiative emission ranging from 1.6 eV to 1.9eV, whose 






, where electron 
lifetime is more than 1s confirmed from time resolved photoluminescence.  However, 
the electron lifetime at the conduction band is extremely short (<100ps) due to fast  
relaxation to oxygen states.  
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Rate equation analysis suggests that the electron lifetime at the conduction band 
possibly can be extended to over 1ns when injection carrier density is on the order of the 
oxygen state density. Rate equation analysis also suggests that the electron lifetime of 
oxygen states can be extended to as long as the thermal emission time (1millisecond level) 
by applying a modest electric field.  
After understanding the basic properties of the oxygen related intermediate band or 
states in ZnTe, the theoretical works based on semiconductor device physics was 
presented in the 5
th
 chapter in order to guide the design of a solar cell device. In n
+
-p 
ZnTe junction with the oxygen states in the p side, the oxygen states are nearly half filled 
in the depletion region and almost empty in the diffusion region under steady state. Both 
the open circuit voltage and fill factor degrade but the short circuit current increases 
comparison to those in a ZnTe junction without oxygen states. The overall efficiency 
improvement from the oxygen states depend on the value of the optical cross-section. For 




, the conversion efficiency of ZnTeO based IBSC can 













.  The efficiency of a 
ZnTeO cell is almost double than that of a ZnTe cell.  
Experimentally, ZnTeO cells have been applied to p-ZnTe/n-GaAs diode structures 
exhibiting enhanced response to the solar spectrum in comparison to ZnTe due to photo-
excitation below the bandgap energy. The increase in response for the ZnTeO diodes 
translates to an approximate doubling of the short circuit current, while suffering an 
approximate 15% decrease in open circuit voltage. Sub-bandgap excitation experiments 
under 650nm and 1550 nm excitation demonstrate the two-photon response characteristic 
desired for intermediate band solar cells and serve as a basis for further efforts to develop 
ZnTeO and other dilute alloys or impurity materials for enhanced solar cell conversion 
efficiency.  
The diode structure was further optimized by n-ZnO/p-ZnTe heterojunction with 
achievement of current on/off ratio ~ 1×10
5
, ideality factor n=1.3, series resistance 
Rs=0.063.cm
2
, and absorption up-edge at 3.6eV. A ZnSe buffer grown by molecule 
beam epitaxy with poly or single crystal structure between the ZnO/ZnTe interface 
demonstrated a significant improvement of photovoltaic effect but an increased series 
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resistance, which probably will be solved by introducing a highly conductive n-type 
doping for the ZnSe buffer.  
8.2 Suggestions on Future Work 
The technology of intermediate band solar cell based on ZnTeO is very promising 
but still in the early research stage.  The following topics are extremely important to 
make it competitive with other mature solar cell technologies.  
8.2.1 In-Situ Junction Growth  
In this thesis, the solar cell performance is mainly limited by a poor diode 
characteristic, such as a high saturation current, high series resistance, and poor ideality 






-ZnTe structure in one chamber 
without exposing the device into the atmosphere between thedeposition of various layers 
is highly recommended. 
8.2.2 Role of Oxygen Doping  
Oxygen atoms introduced by the plasma cell can incorporate either as substitutional 
impurities such as OTe OZn substitutes, or interstitial states. Only OTe states have been 
confirmed to provide a radiative recombination center. The roles of other states are 
unclear.  Raman spectrum and infrared spectrum may provide the methods to identify OTe 
states from others. In-situ or ex-situ annealing processes may need to be developed to 
maximize the formation of OTe States.  
8.2.3 Optical Cross-section 
The value of optical cross-section for OTe states is still ambiguous, but is the most 
important parameter for designing device structure, which may be determined from 
optical deep level transient spectrum.  
8.2.4 Flight Mobility  
The electron flight mobility in p-type ZnTeO is assumed to same as electron 
mobility in p-ZnTe. However, more scatter mechanisms may be introduced in ZnTe by 
doping with oxygen. The relationship of electron mobility and oxygen doping level needs 
to be identified in order to optimize the device performance.  
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8.2.5 Optimization of Bandgap  
The band gap of ZnTe and energy level of oxygen states are different from the 
energy levels for the maximum absorption of solar spectrum by an intermediate band 
structure. It is possible to tune the band gap of ZnTe and oxygen states to the optimized 





Appendix I: Growth Process for Oxygen Doping in ZnTe 
 
1. After thermal clean of GaAs substrate, the ratio of Te flux (Beam Equivalent 






2. Te is first exposed on GaAs substrates 
3. A thin ZnTe nucleation layer (~30nm) is grow by open both Zn and Te flux.  
4. Stop growth by shift the main  shutter in the growth chamber 
5. The oxygen flow rate is set to be 0.1-1.0 sccm by a mass flow controller 
6. Completely open the leakage valve to flow oxygen in the growth chamber for 3-5 
minutes 
7. Increasing the power of the plasma controller unit slowly until the plasma is 
turned on  
8. Wait a minute for stabilizing the oxygen plasma  
9. The oxygen partial pressure  in the growth chamber is set to a desired valued by 







Appendix II: Lithography Recipes 
 
1. Clean samples by acetone at room temperature for 2 minutes, and dry the 
samples by a nitrogen gun  
2. Clean the samples by Isopropyl Alcohol at room temperature for 2 minutes, 
and dry the samples by a nitrogen gun 
3. Bake the samples at 130 0C for 2 minutes 
4. Spin Hexamethyldisilazane (HMDS), a photoresist adhesion, with a speed of 
4000 cycle/min for 30sec.  
5. Spin a positive photoresist, PRS220,  with a speed of 4000 cycle/min for 
30sec 
6. Bake the samples at 105 0C for  60sec 
7. Expose the samples under UV light with power density 20mW/cm2 for 4.5sec 
8. Bake the samples at 115 0C for 60sec 
9. Develop the samples in the base solution, MF-319 for 60sec. 
10. Deposit metal for lift-off process, or etch the films depending on the processes 
requirement  
11. Remove the photoresist from the samples by acetone solution 
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